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ABSTRACT 
Transposable elements are DNA fragments which move from one position to 
another within and sometimes between genomes. They have been found in 
organisms ranging from bacteria to human, and have been shown making up 10-20 
% of the total genome in eukaryotes. Transposase is the protein encoded by the 
transposon which is responsible for catalysing transposition reactions. 
pogo is a transposable element in Drosophila melanogaster which transposes 
from DNA to DNA. It is 2.1 kb in size with 21 bp terminal inverted repeats and two 
open reading frames. cDNA analysis shows the two ORFs code for a single peptide 
which is supposed to be the putative transposase. However, no more information 
was available about this transposase before the start of this thesis. 
In this thesis, the two ORFs believed to code for pogo transposase were 
joined in frame by PCR and cloned into a pGEX vector. The pogo transposase was 
fused to the C-termini of glutathione-S-transferase (GST) and expressed in E. coli. 
The DNA binding activity of pogo transposase was tested by gel retardation 
assays in the presence of specific and non-specific competitors. pogo transposase 
was shown to be able to bind specifically to the end sequences of the element. 
The transposase binding sites within the pogo element were identified by 
testing the transposase binding ability of deleted end sequences of the element. A 12 
base pair consensus sequence was found and shown to be responsible for binding to 
the transposase. There are several copies of the 12 bp transposase binding site 
located near each end, in the 5' subterminal region, and in the middle of the element 
respectively. The binding sites at the ends might be involved in forming the synaptic 
DNA-protein complex and others in regulating transposition. 
The DNA binding domain of pogo transposase was identified by expressing 
different regions of the transposase and determining their sequence specific DNA 
binding ability. The DNA binding domain has been shown to be located in the N-
terminal 75 amino acid region. Site directed mutagenesis was used to study the role 
of the predicted helix-turn-helix (HTH) motif located within the DNA binding 
domain. Substitution of the positively charged basic amino acids within the 
recognition helix by alanine abolished the DNA binding activity of the protein; 
Substitutions introducing prolines into the first or second helices to disrupt their 
structures also greatly reduced the DNA binding activity of the protein. These data 
support the idea that the HTH motif in the DNA binding domain is responsible for 
the specific DNA binding activity of the transposase. 
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1.1 Transposable elements and transposition 
Transposable elements are pieces of double stranded DNA that move from one 
position to another within and sometimes between genomes. They have been detected 
in organisms ranging from bacteria to humans (Berg and Howe, 1989), and can be 
divided into two main classes according to their structure and presumed mechanism of 
transposition (Finnegan, 1992) (Fig.1.1-1&2). Class I elements transpose by 
retrotransposition, in which the transposon is transcribed to an RNA intermediate prior 
to synthesis of a DNA copy. Class II elements transpose by transposition, in which 
DNA is the only intermediate. Prokaryotic organisms only have class II elements while 
eukaryotes have both class I and class II elements (Berg and Howe, 1989). 
1.1.1 Class I elements and retrotransposition 
In retrotransposition, the integrated DNA copy of the element is first 
transcribed into the RNA intermediate by host RNA polymerase, followed by reverse 
transcription of the RNA into a double-stranded DNA by the element-encoded reverse 
transcriptase. Integration of the resulting DNA copy into a suitable target DNA 
molecule is catalysed by the element-encoded integrase (IN) (Fig 1.1-1). The best 
characterised class I elements are retroviruses and retrotransposons. 
Retrotransposons represent a great variety of elements, from the ones that 
resemble a retrovirus in structure and mode of transposition (LTR retrotransposons) to 
simple sequences that seem to rely strictly on enzymes encoded elsewhere operating in 
trans [Short interspersed nuclear elements (S1NEs)]. The elements that encode reverse 
transcriptase are divided into two major groups according to their structure and 
transposition mechanisms. The LTR elements are those containing long terminal 
repeats, and the non-LTR elements [LINEs (long interspersed nuclear elements)] are 
those without long terminal repeats. 
LTR elements 
LTR elements are normally 4.5-9.0 kb in size with long direct terminal repeats 
of 200-500 bp. They have two or three open reading frames encoding the proteins 
necessary for replication and transposition of the elements. These ORFs are named 
gag, poi and env after similar retroviral ORFs. The protein encoded by gag is cleaved 
into smaller matrix, capsid, and nucleocapsid proteins which are responsible for the 
protein-nucleic acid structure necessary for reverse transcription. The protein encoded 
by pol is cleaved to generate reverse transcriptase, aspartic protease, RNase H, and 
integrase. The final ORF, env, encodes components of the viral envelope that mediate 










Fig. 1.1-1 Retrotransposition and transposition 
After Polard and Chandler (1995) 
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Fig.1.1-2 Classification of transposable elements 
(after Finnegan, 1992 and Polard & Chandler, 1995) 
LTR elements can be classified into two groups according to the numbers of 
their ORF. Tyl-copia group contains most LTR elements which only have two ORFs 
with the potential to code for polypeptides similar to the gag and pol encoded proteins, 
while gypsy group contains elements more like retroviruses in having a third ORF 
coding for a protein similar to a virus env protein. The Tyl elements of 
Saccharomyces cerevisiae and the gypsy elements of Drosophila melanogaster are 
examples of these two groups. 
Ty 1 elements 
Tyl from Saccharomyces cerevise is a 5.9 kb element with 338 bp LTRs. It 
has two OREs named TYA1 and TYB1 respectively. It has been shown that the 58 kd 
TYA1 protein is processed by Tyl protease within the virus like particle (VLP) to 
produce a 54 kd protein which is the structural protein of the VLP. The 190 kd TYB 1 
protein is processed in a similar way to generate a 23 kd protease, a 90 kd integrase 
and a 60 kd reverse transcriptaselRNaseH (Belcourt & Farabaugh, 1990; Adams et a!, 
1987; Garfinkel et a!, 1991; Muller et al, 1987; Youngren et al. 1988). The reverse 
transcription of Tyl RNA is also supposed to be associated with the VLP (Garfinkel et 
al, 1985; Mellor et a!, 1985). The Tyl cDNA is reintegrated into the host genome 
using the VLP as an intermediate (Eichinger & Boeke, 1988). 
gypsy elements 
The gypsy element from Drosophila melanogasrer is 7.5 kb in size and has 
486 bp long terminal repeats at both ends (Bayer et al., 1984, Freund & Meselson, 
1984; Manor et al., 1986). In addition to the two ORFs which resemble retroviral gag 
and poi genes, it has a third ORF which is of similar size and located in a position 
equivalent to the env genes of retroviruses, and contains a putative membrane-
spanning domain near the C-terminus. The protein encoded by ORF3 is glycosylated 
and processed like all retroviral envelop proteins. The env protein is expressed at high 
levels in fly strains in which gypsy elements are active, gypsy has been suggested to 
be an infectious insect retrovirus since high level of gypsy insertion activity is 
observed when fly larvae are exposed to the viral particles (Song et al., 1994; Kim et 
al., 1994). 
Non-LTR elements (LINE elements) 
Non-LTR elements, also called LINEs (long interspersed nuclear elements) are 
repeated sequences that are widespread in many eukaryotic species. They include I, F, 
Doc, and jockey in Drosophila melanogaster (Fawcett et al., 1986; Di Nocera & 
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Casari, 1987; O'Hare et al., 1991; Priimagi et al., 1988), ingi in Trypanosoma brucei 
(Kimmel et al., 1987), cin-4 in Zea mays (Schwarz-Sommer et al., 1987), and Li 
elements in mammals. They are devoid of terminal repeats but contain an A-rich 
sequence at their 3' ends. Many elements are truncated at their 5' ends. Complete 
elements have two long open reading frames. The first encodes a polypeptide like 
those in retroviral gag genes, and the other encodes a putative reverse transcriptase and 
RNase H (Jukubczak et al., 1990; Mathias et al., 1991). 
I factor (I element) 
I factor is the element that controls I-R hybrid dysgenesis in Drosophila 
melanogaster. Strains of D. melanogasrer can be divided into two categories with 
respect to the J-R system: inducer strains which contain only complete and functional I 
factors, and reactive strains which contain only incomplete and non-functional I factors 
(Bucheton et al., 1976). 1 factors are stable in the genome of an inducer strain, but are 
active in the germ-line of female progeny of crosses between males of an inducer strain 
and females of a reactive strain. This results in reduced fertility and increased germ-
line mutations. This phenomenon is known as I-R hybrid dysgenesis. It is restricted to 
female progeny as the male progeny of the same dysgenic cross are normal and show 
no increase in I factor transposition. 
The I factor is 5.4 kb in size and has two open reading frames (Fawcett et al., 
1986). The first encodes a nucleic acid binding protein with a cysteine-rich motif 
similar to that found in retroviral gag gene products (Dawson, et at., 1997). The 
second ORF encodes a protein with some of the motifs characteristic of a retroviral p0l 
gene product and preliminary evidence indicates that it encodes a reverse transcriptase 
(Paterson, et al., unpublished data). 
1.1.2 Class II elements and transposition 
Class II elements are much more variable in organisation than class I elements. 
They range from simple insertion sequences (ISs), transposons, to relatively 
complicated bacteriophages. These elements all transpose directly from DNA to DNA 
without RNA intermediates. They normally have short inverted repeats bounding a 
single gene that encodes a transposase required for transposition. The transposons can 
be classified into different families according to the structure of the transposon, the 
structure of the encoded transposase, and the target site. These families are P family, 
hAT superfamily, Tcl -Mariner superfamily and pogo superfamily. 
1.1.2.1 P family 
The P element family, which was discovered to be responsible for P-M hybrid 
dysgenesis (Bregliano & Kidwell, 1983; Engels, 1983; Engels, 1989), is the best 
studied transposon in Drosophila. P element transposition is regulated genetically and 
occurs in a tissue-specific manner (Engels, 1983; Engels, et al., 1989). Molecular 
analysis of P element led to the development of the germline transformation method in 
Drosophila (Rubin & Spradling, 1982). P elements are now widely used as genetic 
tools and have revolutionised Drosophila molecular genetics. - - 
The biological effects of P elements were initially observed in crosses between 
female of M strains, which lack functional P elements, and male of P strains, which 
carry active P elements. When a P-strain female is crossed to either a M-strain male or 
a P-strain male, the progeny are healthy, with a wild-type germ line. However, when 
an M-strain female is crossed to a P-strain male, the progeny exhibit a series of genetic 
disorders in the germline, such as chromosomal rearrangements, mutations, 
collectively referred to as hybrid dysgenesis. It was later discovered that the causative 
agent of hybrid dysgenesis is the P-element transposon (Bingham et al., 1982; Rubin, 
et al., 1982). These observations indicate that P elements introduced by P strain male 
into the egg of an M strain female mobilise in the germ line of the developing embryos 
and cause hybrid dysgenesis. In contrast, a P strain female maternally deposits P-
element encode repressor proteins in her eggs that repress the mobilisation of any P 
elements introduced by the male. This state of repression in P strain females has been 
termed the P cytotype, while the state of permission in the M strain female has been 
termed the M cytotype (Engels, 1983; Engels, 1989). 
P elements are heterogeneous and can be classified into two structurally distinct 
types: autonomous (full length) elements are 2902 bp in length, and non-autonomous 
elements that usually result from internal deletions of various sizes, and range from 
about 500-2500 bp (O'Hare & Rubin, 1983). In a typical P strain, there are 10-15 
complete P elements and about 30-40 smaller elements derived from the complete 
elements by internal deletion. The complete 2.9 kb P elements contain four open 
reading frames (O'Hare & Rubin, 1983), which are transcribed to yield an mRNA of 
approximately 2.5 kb (Karess & Rubin, 1984). In somatic cells, splicing of the third 
intron is fully repressed, resulting in synthesis of the 66 kd protein that inhibits 
transposition (Misra & Rio, 1990; Rio et al., 1986; Robertoson & Engels, 1989). In 
the germline, spliced and unspliced mRNA are produced, yielding both the 87 kd 
transposase and the 66 kd repressor. This alternative splicing of the P-element 
transcript explains the germline-specific phenotypes associated with hybrid 
dysgenesis. 
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All the P elements analysed carry perfect inverted 31 bp terminal repeats, and 
create an 8 bp target-site duplication upon insertion. The transposase recognises and 
binds specifically to a 10 bp consensus sequence which is present at each end of the P 
element just inside the inverted repeats (Kaufman, et al., 1989; Mullins, et al., 1989). 
The host inverted repeat binding protein (IRBP) interacts specifically with the 31 bp 
inverted repeat (Beau, et al., 1994; Mullins, et al., 1989; Rio & Rubin, 1988). There 
is an internally located 11 bp inverted repeat that has been shown to act as a 
transcriptional enhancer in vivo (Mullins, et al., 1989) (Fig. 1.1-3). 
P element derivatives with internal deletions can also encode proteins that 
repress transposition (Black, et al., 1987; Rasmusson et al., 1993; Simmons, et al., 
1990). One of these repressor proteins is the 207 amino acid KP protein which has the 
first 199 and final 8 amino acids identical to the N-terminus and C-terminus of P 
transposase. Recent studies show that the KP protein binds to multiple sites at the ends 
of P element. These sites include the transposase binding site, the 11 bp transpositon 
enhancer, and the 31 bp inverted repeats. The DNA binding domain of KP protein is 
located at the N-terminal 98 amino acids which contains a CCHC metal binding motif. 
The KP protein can dimerise and contains two protein-protein interaction regions. This 
dimerisation is essential for high-affinity DNA binding (Lee, et al., 1996). 
P elements are considered very recent invaders of D.melanogster because they 
are present in recently wild-caught strains, but not in lab stocks established in the first 
half of the century. This recent-invasion hypothesis is now generally accepted. P 
elements are not present in either the three sibling species or other species in the 
melanogaster species group, but are present in many other drosophilalids, especially 
the willistoni group (Daniels et al., 1990). The finding that a P element from 
D. willistoni was just a nucleotide different from that from D. melanogaster provided 
convincing evidence that D. willistoni or a sibling was the source of the P element that 
invaded D.melanogaster. P elements have also been found from several other 
Drosophila species including D.nebulosa, D.bifasciata, D.guanche, and D. 
Subobscura, and from another drosophilid fly Scapromyza pallida (Lansman, et al., 
1987; Paricio et al., 1992; Hagemann et al., 1992; Miller et al., 1992; Simonelig & 
Anxolabenhere, 1991). Phylogenetic comparisons indicate that two additional 
horizontal transfers must have occurred to produce the current distribution of these P 
elements in drosophlids (Clark, et al., 1994). 
The molecular analysis of P elements led to the development of P element-
mediated germline transformation (Rubin & Sparading, 1982). This procedure 
involves injection of embryos with two plasmid DNAs: one coding for transposase 
and the other carrying a genetic marker within a small, internally deleted P element. 
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Fig. 1.1-3 The structure and DNA-protein interaction of the end segences of a P element 
After Rio, D. C. (1990) 
The small nonautonomous P element contains the terminal cis-acting DNA sequences 
required for transposition, but does not encode transposase. Transposase, encoded by 
the first plasmid, catalyses transposition of the marked P element into the germline 
chromosomes. Following mating of the flies derived from the injected embryos, 
transformation is scored by the presence of the genetic marker within the marked P 
element. This procedure results in typical transformation frequency of 10-30 % 
(Spradling, 1986), and is now widely used. 
The single P element insertion mutagenesis has revolutionised Drosophila 
molecular genetics (Cooley et al., 1988a&b; Berg & Spradling, 1991). It has later 
been usefully extended by the enhancer trap technique in which a reporter gene driven 
by a weak promoter is placed within the P element (O'Kane & Gehring, 1987; Bellen 
et al., 1989). The weak promoter is susceptible to the influence of adjacent genomic 
enhancers and the resulting pattern of reporter gene expression may reveal the pattern 
of supression the gene into which the P element has landed. A large number of single 
P element enhancer trap lines have been generated (O'Kane & Febring, 1987; Bellen et 
al., 1989; Bier et al., 1989; Wilson et al., 1989). However, it is unlikely that a 
complete sample of the genome will be achieved using P elements alone, since genes 
display a wide variation in their receptivity to insertion (Kidwell, 1986; Engels, 1989). 
It is thought that about 50% of Drosophila genes are mutable by single P element 
mutagenesis (Cooley et al., 1988). This suggests that many genes will not be readily 
identified using P element mutagenesis alone. Moreover, P elements cannot be used as 
a transformation system for insect species other than Drosophila melanogaster, 
because the apparent dependence of the P element on a host factor in D. melanogaster 
restricts its mobility to closely related species. This may restrict their ability to transfer 
horizontally. 
1.1.2.2 hAT superfamily 
The hAT supefamily contains hobo elements from Drosophila malanogster, Ac 
elements from Zea mays and Tam3 elements from Antirrhinum majus . The 
relationship among these three transposon families has been revealed by recent studies 
(Calvi et al., 1991; Feldmar & Kunze, et al.; 1991; Atkinson. et  al., 1993). These 
three elements exhibit low levels of coding sequence similarity that span several 
hundred codons. All three elements generate 8 bp target site duplications upon 
insertion. They leave empty excision sites that are distinctly different from those 
observed for other transposable elements (Pohlman et al., 1984; Coen et al., 1986; 
Atkinson, et al., 1993). These data suggest that hobo, Ac and Tam3 belong to a family 
of related transposable elements, named the hAT element family by Atkinson, et al. 
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(1993). Since the Ac and Tam3 sequences appear more closely related to one another 
than either is to hobo, it has been proposed that these three elements have evolved 
from an ancestral element present prior to the divergence of plants and animals (Calvi 
et al., 1991). An alternation explanation for the conservation among these three 
transposon families is that it represents an example of horizontal transmission of 
genetic information between plants and animals. 
hobo family 
Hobo is a transposable element originally discovered in Drosophila 
melanogaster by its association with the Sgs4 gene (McGinnis et al., 1983; Streck et 
al., 1986). The complete element FIFL1 sequence is 2959 bp long which contains a 
2.0 kb open reading frame (ORF1) encoding a putative transposase. hobo elements 
contain 12 bp terminal inverted repeats and create 8 bp target site duplications upon 
insertion, hobo excision results in complete removal of hobo sequences plus the 
addition of nucleotides at the resulting breaking points that appear to be simple or 
complex duplications of the flanking genomic DNA. 
hobo elements are heterogeneous both in the number of copies in different 
Drosophila strains and in the size of different copies of the element within a single 
genome. Therefore Drosophila strains can be divided into two types: hobo-containing 
strains (H-strains) which include at least one complete hobo element, and empty 
strains (E-strains) which lack the complete element but contain a few hobo elements of 
smaller sizes. hobo has been shown to be able to act as inducers of hobo dysgenesis 
(H-E dysgenesis). It occurs mainly in the progeny of crosses between H males and E 
females. hobo elements can be used as effectively for enhancer trap mutagenesis as the 
P element (Smith et al., 1993). However, a hobo enhancer trap element has a pattern 
of insertion into the genome that is different from the distribution of P elements. The 
different insertion specificity make hobo insertion mutagenesis and enhancer tapping a 
valuable additional tool for more complete coverage of the Drosophila genome. In 
addition to its mobility in dysgenic crosses, the mobility of hobo also occurs in 
intrastrain crosses, producing molecular rearrangements such as inversions, deletions 
or new hobo insertions close to the resident element (Blackman et al., 1987; 
Yannopoulos et al., 1987; Lim, 1988). These rearrangements could be a consequence 
of recombination between two neighbouring hobo elements. 
Like P elements, hobo elements are active predominantly in the germline of 
Drosophila (Blackman, et al., 1987; Blackman & Gelbart, 1989). However, this 
germline specificity is due to regulation of transposase production at the level of 
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transcription (Calvi & Gelbart, 1994) while the germline specificity of P element is 
regulated by RNA splicing (Laski et al., 1986; Rio et al., 1986). 
hobo elements are present in all members of the D. melanogaster species 
groups, D. melanogaster, D. simulans, D.mauritiana and D.sechellia, and are widely 
distributed among species of two of its subgroups, montrium and melanogaster 
(Daniels, et al., 1990). Surveys of older isofemale lines of D.melanogaster suggest 
that complete hobo element were absent prior to 50 years ago. DNA sequences of 
hobo elements from D.malanogaster, D. simulans, and D. mauritiana reveal that hobo 
has recently been introduced into these species by horizontal transfer (Simmons, 
1992). 
Ac family 
The maize Activator (Ac) element was discovered and characterised genetically 
by McClintock (1949, 1951,1965). It is 4565 bp long, has 11 bp inverted repeats and 
creates 8 bp target site duplication upon insertion (Muller-Neumann et al., 1984; 
Plhlman et al., 1984 a&b; Dooner et al., 1988). The five exons encode an 807 amino 
acid transposase protein which is the only Ac product required for transposition 
(Kunze et al., 1987; Li & Starlinger, 1990; Fusswinkel et al., 1991). 
The transposase binds to several subterminal sequences of Ac but not the 11 bp 
long inverted repeats of the element. Major Ac transposase binding sites were 
delineated on 60 and 70 bp long sequence segments that lie 100 bp inside of the 5' Ac 
terminus and 40 bp inside of the 3' terminus respectively. The 5' end binding site 
overlaps the putative transposase gene promoter. Within all strongly bounded 
fragments, and particularly in these 60 or 70 bp long segments, the hexamer motif 
AAACGG is repeated several times in direct or inverted orientation (Kunze & Starling, 
1989). 
The transposase domain that recognises the subterminal DNA motifs is high in 
positively charged amino acids located around 200 aa from N-terminal. The N-terminal 
102 amino acids of the transposase are not required for the transposition reaction 
(Feidmar & Kunze, 1991). Transposase mutants, deficient in DNA binding have been 
produced, which have trans-dominant inhibitor effect, suggesting that Ac transposase 
act as a dimer or multimer (Kunze et al., 1993). Ac transposase has been shown to be 
able to act as a transcriptional repressor to regulate the promoter activity. 
The sequence of the inverted repeats of Ac is similar to sequences of the 
inverted repeats of transposable elements Tam3 from Antirrhinum majus (Sommer et 
al., 1985), hobo and P from Drosophilla (O'Hare & Rubin, 1983; Streck et al., 1986). 
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Tam3 family 
Tam3 element in Antirrhinum majus is 3629 bp long and contains an open 
reading frame of 2.48 kb as demonstrated by cDNA analysis. The single ORF encodes 
a predicted transposase of 748 amino acids. Tam3 has the terminal inverted repeats 
similare to those of Ac and generates 8 bp target site duplication upon insertion. 
Moreover, patches of strong homology (60-65%) were found between the deduced 
Tam3 protein and the amino acid sequence of the Ac gene product. The overall 
homology between both amino acid sequences is 30% over a stretch of 520 amino 
acids. The homologous part comprises the region between amino acids 220 to 740 of 
the Ac ORFA and 190 to 710 of the deduced Tam3 protein (Hehl et al., 1991). 
1.1.2.3 Tcl-mariner superfamily 
One of the distinctive features of the Tcl-mariner superfamily of transposons is 
that they are widespread among different species: fungi, cilates, planarians, 
arthropods, nematodes, and vertebrates (Harris et al., 1988, 1990; Tausta & 
Klobutcher, 1989: Brezinsky et al., 1990; Franz & Savakis, 1991; Abad et al., 1991; 
Henikoff, 1992; Heierhorst et al., 1992; Robertson et al., 1992; Tudor et al., 1992; 
Daboussi et al., 1992; Robertson et al., 1993; Garcia-Fernandez et al., 1993; Caizzi et 
al., 1993; Radice et al., 1994). Both vertical and horizontal transfer have contributed 
to the spread of these elements (Robertson, 1993; Radice et al., 1994; Robertson and 
Lampe., 1995). The widespread occurrence of these transposons probably indicates 
that they are less dependent on species-specific host factors than other elements. 
Elements in this family have the conserved sequence CAGT at their termini, 
and duplicate the TA dinucleotide upon insertion (Brezinsky et al., 1990; Franz & 
Savakis, 1991; Henikoff, 1992; Heierhorst et al., 1992; Tudor et al., 1992; Daboussi 
et al., 1992; Robertson et al., 1993; Radice et al., 1994). The transposase encoded by 
these elements have the conserved DDE catalytic domain shared with bacterial 
transposase and retroviral integrases (Robertson, 1993; Doak et al., 1994). The space 
between the second D and the E is 34 in this superfamily instead of 35 for prokaryotic 
transposons. The last residue of the DDE triad is D for mariner elements instead of the 
E for the others. This superfamily includes Tcl family and Mariner family. 
Tcl family 




Tcl from C. elegans is an element of 1612 bp long, with short terminal 
inverted repeats and a large open reading frame. Although there is some variations in 
the exact DNA sequence (Rosenzweig, et al., 1983; Plasterk, 1987; Harris, et al., 
1988), all Tcl elements have the same structure, no Tc-1 elements of different size 
have been detected (Mon. 1988). The open reading frame encodes the 343 amino acids 
Tcl transposase, Tc1A (Emmons et al., 1983; Rosenzweig et al., 1983; Vos et al., 
1993). The transposase binding site is located between base pair 5 and 26 from the end 
of Tcl, within the 54 bp inverted repeat. The N-terminal 63 amino acids of Tc1A bind 
specifically to the transposase binding site. A second, non-specific, DNA binding 
domain is located between amino acids 71 and 207 of Tc 1 A. Both the DNA binding 
domain of Tel A and the DNA binding site in the inverted repeat of Tcl can be divided 
into two subdomains. The N-terminal part of the bipartite domain interacts with base 
pair 12-25 via the adjacent minor and major grove, while the C-terminal part of the 
bipartite domain shows additional contacts with bast pair 7-12 mainly via the major 
groove (Vos & Plasterk, 1994). 
Tcl was the first member of the Tcl -mariner family the transposase of which 
was shown to catalyse endonuclease cleavage and phosphate transfer reactions in vitro 
(Vos & Plasterk, 1994). Later studies show that the Tc1A transposase is the only 
nematode protein required for in vitro transpositon of Tcl. Tcl transposes via a cut 
and past mechanism. The terminal 26 bp sequence of the 54 bp terminal inverted 
repeats together with the flanking TA sequence are sufficient for this transposition. 
The target site choice in vitro is similar to that in vivo. This simple reaction 
requirements explain why horizontal spread of Tcl/mariner transposons can occur. 
They also suggest that Tcl may be a good vector for transgenesis of diverse animal 
species (Vos, 1996). 
Tc1A has the conserved DD34E residues at its central region. A mutation in 
this DDE motif abolishes both endonuclease cleavage and phosphate transfer activities, 
suggesting that Tc1A carries a catalytic core common to retroviral integrases and IS 
transposases.(Vos & Plasterk, 1994) 
TO element 
The Tc3 element from C.elegans is 2335 bp long and has 462 bp inverted 
repeats at its ends. The two open reading frames of 417 bp and 570 bp respectively, 
encode the putative Tc3 transposase (Van Luenen, et al., 1993). 
The 65 amino acids at the N-terminal domain of Tc3 transposase bind 
specifically to two conserved regions within the 462 bp Tc3 inverted repeat; one region 
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is located at the end of the inverted repeat in between 11 bp and 30 bp, the other is 
located in between 184 bp and 202 bp from the end. The N-terminal DNA binding 
domain of the Tc3 transposase interacts with nucleotides on one face of the DNA helix 
over adjacent major and minor groves (Colloms et al. 1994). 
Analysis of the end sequences of the presumed transposition intermediate, the 
linear extrachromosomal DNA, shows that the Tc3 transposon is excised 
incompletely. The 5' ends of the transposon lack two nucleotides, while the 3' ends 
coincide with the last nucleotide of the integrated element and carry 3' hydroxyls. This 
finding leads to the proposal of a model for Tc3 transposition, which might apply to 
other transposon families transposing via the cut and past mechanism (van Luenen, et 
al., 1994) (Fig. 1.1-4). According to this model, transposition of Tc3 is initiated by 
the binding of the Tc3 transposase (and perhaps other cellular factors) to the ends of 
the transposon (Van Luenen et al., 1993). Double-strand breaks with a 2 bp stagger 
are generated, resulting in an excised element. The excised Tc3 transposon contains 
the complete Tc3 sequence at the 3' ends but lacks the terminal two nucleotides at each 
5' end. The 3' end contains a 3' hydroxyl group, which could perform a nucleophilic 
attack during integration (Mizuuchi, 1992). Integration of Tc3 results in a duplication 
of the TA target sequence. To generate this duplication, the 3' hydroxyl groups have to 
attack the phosphate bonds on both strands 5' of each T residue of the TA 
dinucleotide. After integration of Tc3, the 4 nucleotide gap at each end of the 
transposon will be repaired by the cellular machinery of the host to produce a complete 
Tc3 element flanked by a duplicated TA sequence. 
The target choice of the related transposable elements Tcl and Tc3 was 
investigated by determining the exact location of 204 independent Tcl insertions and 
166 Tc3 insertions (Luenen & Plasterk, 1994). All insertions were shown to be into 
the sequence TA. The integration sites did not reveal a strong consensus sequence for 
either transposon. 
Mariner family 
This family of transposons is characterised by relatively small size of 
approximately 1300 bp, short inverted terminal repeats of about 30 bp, the induction 
of a TA dinucleotide target-site duplication upon insertion, and the presence of a single 
open reading frame (ORF) presumed to encode a transposase (Jacobson et al., 1986; 
Medhora et al., 1991). This is a very diverse family of transposons, all the elements in 
this family have been called mariners or mariner-like elements. 
The mariner element was first detected by its association with the mutation 





Fig. 1.1-4 Model for TO transposition 
(After van Luenen et al., 1994) 
-- 
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one strain of D. mauritiana caused by excision factor mos had been observed (Bryan et 
al., 1987). The mos factor, which is a particular copy of mariner, is believed to 
activate transposition of itself and other mariner elements by being able to supply 
transposase in trans. Germline excisions due to the activity of mariner have also been 
reported (Haymer & Marsh, 1986; Jacobson & Hard, 1985). The mariner element is 
1286 bp long and contains 28 bp terminal inverted repeats. It creates TA dinuclotide 
target site duplication upon insertion. The 1035 bp single open reading frame was 
predicted to encode a 345 amino acid transposase (Hard, 1989). 
Almost all copies of mariner studied so far have been uniform in length (Hard, 
1989), they differ from each other generally by single nucleotide changes (Maruyama 
et al., 1991). Non-autonomous elements are not obvious deletions of autonomous 
elements. Site directed mutagenesis within the putative transposase coding region 
appears to be responsible for inactivation supporting the hypothesis that the ORF 
encodes a transposase (Maruyama et al., 1991). The activity level of elements is also 
greatly influenced by immediately adjacent sequences (Medhora et al., 1991). 
mariner occur in five of eight species of the D. melanogaster species subgroup, 
D. yakuba, D. teissieri, D. simulans, D. mauritiana and D. Sechellia, but not in 
D.melanogaster (Lachaise et al., 1988; Jacobson et al., 1986; Maruyama et al., 1991; 
Capy et al., 1992). However, mariner sequences have been detected in more distantly 
related drosophilids (Maruyama & Hart!, 1991), in ten other insects representing six 
additional orders (Robertson, 1993), in lower invertebrate planarian (Garcia-Fernandez 
et al., 1993), in nematodes and flatworms (Robertson, 1995; Robertson & Asplund, 
1996), and also in human and other mammalian genomes (Simt & Riggs, 1996; 
Augegouillou, et al., 1995; Morgan, 1995; Oosumi, et al., 1995). The DNA 
sequences of these elements are much more conserved than the rest of the genome, 
which strongly indicates that horizontal transfer is responsible for the wild distribution 
of mariner element. 
The extremely widespread distribution of mariner elements leads to the 
hypothesis that mariner transposition relies solely on the mariner transposase and not 
species-specific host factors beyond those necessary to transcribe and translate the 
transposase and host repair enzymes necessary to repair single-stranded gap at the site 
of transposition insertions (Lampe et al., 1996). This hypothesis is strongly supported 
by recent experiment which show a purified mariner transposase is sufficient to 
mediate transposition in vitro (Lampe et al., 1996). In this experiment, the transposase 
of a mariner (Himar 1) from the horn fly, Haematobia irritans, was purified. It was 
shown to be sufficient to reproduce transposition in an in vitro inter-plasmid 
transposition reaction. This transposase was also shown to be able to bind to the 
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inverted terminal repeat sequences of the transposon and mediate 5' and 3' cleavage of 
the element termini. The later indicates that mariner transposes by a cut and paste 
mechanism similar to that proposed for Tc3 transposition (van Leunen et al., 1994). 
1.1.2.4 pogo superfamily 
This superfamily is named after the original pogo element of Drosophila 
melanogasrer. All the transposons in this family share significant amino acid sequence 
similarity with that of pogo in the central conserved and alignable DDE region. Like 
members of the Tcl -mariner superfamily, pogo elements create TA dinucleotides target 
site duplication upon insertion and have short terminal inverted repeats at both ends. 
The major difference between these two families is that there is no proper candidate for 
the last E residue in the DDE motif for the pogo family transposons (Doak, 1994; 
Robertson, 1996). It is this character that distinguishes the pogo superfamily from the 
closely related Tcl -Mariner superfamily. Transposons in the pogo superfamily can be 
divided into three families: the pogo family, the Foti family and the Tc4 family. 
Moreover, the transposases encoded by members of the pogo superfamily can also 
find significant similarities with some nontransposase proteins, such as mammalian 
centromere protein CENP-B, the jerky protein which is involved in epileptic seizures 
in mice, the yeast regulatory proteins RAG3 and PDC2. However, the significance 
underneath these similarities still need to be further investigated. 
pogo family 
This family contains pogo element from Drosophila malanogaster (Tudor et al., 
1992) and Tiggers, the pogo transposon fossils in the human genome (Smit & Riggs, 
1996). 
pogo elements 
The pogo element was first discovered as a 190 bp insertion associated with 
white-eosin (we)  mutation in Drosophila melanogaster. A Doc element which inserted 
in the promoter region of the white (w) locus has been shown to be responsible for the 
W 1 mutation (Driver et al. 1989). The 190 bp pogo element, as an additional secondary 
insertion within the Doc element, is responsible for the we  mutation (Tudor et al. 
1992). 
This 190 bp pogo element was used as a probe in DNA blotting to examinate 
the sizes of pogo elements in three differernt wild type strains, Canton S, Oregon R 
and Harwich. The result shows that strains typically have many copies of the 190 bp 
element, 10-15 copies of the 1.1-1.5 kb element, and several copies of the 2.1 kb 
element. The smaller elements all appear to be derived from the largest by single 
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internal deletions so that all elements share the same terminal sequences (Tudor, et al., 
1992). 
The insertion sites of pogo elements are generally AT rich. pogo elements 
always insert into the target site TA and make a 2 bp duplication upon insertion. This 
is similar to the Tcl element of C. elegans (Moerman and Waterson, 1989). The 
terminal 4 bp CAGT sequence of pogo is also identical to that of Tcl. 
The DNA sequence of a full length of pogo element is 2121 bp with 21 bp 
terminal inverted repeats, and has two open reading frames of 1155 bp and 417 bp 
respectively (Fig. 1.1-5). cDNA analysis indicates that the two ORFs are joined by 
RNA splicing to encode for a single polypeptide which is supposed to be the putative 
pogo transposase. Compared to standard codon usage in D.melanogaster, codons rich 
in A or T are preferred in pogo (Tudor, et al., 1992). 
The predicted protein sequence of the pogo transposase encoded by ORF1 - 
ORF2 has significant homology with human centromere protein B (CENP-B) 
(Earnshaw et al. 1987). The proteins show 51% similarity and 26% identity and can 
be aligned for almost their entire lengths. Another similarity is to the jerky protein of 
mice, which is involved in epileptic seizures. The proteins have 52.9% similarity and 
26.3% identity over the complete sequences (Toth et al. 1995). pogo transposase can 
also find significant similarities to two yeast transcriptional factor proteins, PDC2 and 
RAG3. 
The various copies of pogo within the D. malanogaster genome differ by 
internal deletions and less than 1% sequence divergence, indicating that it has been in 
this genome for a relatively short time. Examination of the genomic occurrence of 
pogo elements in over 120 strains of D. melanogaster has shown that there are 
differences between strains in their intensities or presence of deletion-derivative of 
pogo, suggesting that these elements are currently active or have been so recently. 
pogo elements have not been detected in eleven other species in the genus including the 
sibling species D. simulans and D. mauritiana, three different subgenera, and the 
related Scaptomyza pallida. These results suggest that pogo element may have 
horizontally transferred into D. malanogaster since its divergence from its sibling 
species (Boussy, et al., 1993). 
Tigger elements 
Tiggers, which were found by analysis of published fragments of human 
medium reiterated frequency repeats (MERs), are interspersed repeats which resemble 
fossils of DNA transposons by excision and integration into the genome without an 
RNA intermediate. The 2417 bp consensus sequence of Tiggerl contains two long 
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Fig. 1.1-5 Structure of transposable element pogo 
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open reading frames, one of which is 1335 bp and encodes a product closely related to 
the putative transposase of pogo element. Tigger2 has a 2708 bp consensus sequence. 
The products of Tiggerl and Tigger2 are 48% identical, whereas their DNA 
sequences, aligned as guided by their products, are only 54% similar in the coding 
region. The internally deleted Tigger2 products are much more common than the full 
length one. This pattern is very similar to that of pogo, which has many copies of a 
190 bp internal deletion product, 10-15 copies of an approximately 1.3 kb element, 
and only a few full length pogo sequence. In contrast, Tiggerl seems primarily 
represented by full length elements, only a couple of internal deletion products were 
found (Smit & Riggs, 1996). 
Foti family 
This family contains three elements from fungi with their transposase 
sequences most similar to that of pogo in the DDE region. These elements are the Foil 
element of Fusarium oxysporum (Daboussi et al. 1992), the Pot2 element of 
Magnaporthe grisea (Kachroo et al. 1994), and the Fcc] element of Cochliobolus 
carbonum (Panaccione et al.1996). The transposase of these elements are 
approximately the same length as that of pogo and they share 21-26% amino acid 
similarity in the central conserved and alignable DDE region. 
Foti elements 
Foti is a family of transposable elements found in the fungal plant pathogen 
Fusarium oxysporum. The first element was identified as an insertion in the gene 
encoding nitrate reductase. It is 1928 bp long, has 44 bp terminal inverted repeats, and 
produce TA dinucleotide target site duplication upon insertion. It has a single 1626 bp 
open reading frame potentially encoding a 542 amino acid polypeptide, the transposase 
(Daboussi et al, 1992). 
Pot2 elements 
Pot2 is a transposable element from Magmaporthe grisea. The element is 1857 
bp long with 43 bp terminal inverted repeats (TW) and 16 bp direct repeats within the 
TIR. It has an open reading frame of 1605 bp, potentially encoding a polypeptide of 
535 amino acids. Two additional in-frame ORFs potentially coding for polypeptides of 
size 374 and 252, respectively, were identified within the larger ORF. 
The putative polypeptide encoded by the lagest ORF of Pot2 showed extensive 
identity to that of Foti. The two polypeptides, which are different in length by seven 
amino acids, have 39.3% identity, and varying levels of homology are present 
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throughout the entire length of the protein, with the highest conservation being in the 
middle region (amino acid 160-380) of the protein which includes the conserved DDE 
region. 
Pot2 also produce TA dinucleotide duplication upon insertion. The consensus 
insertion sequence of Pot2 revealed certain feature similarity to that of Tcl element. 
Pot2 is present at a copy number of approximately 100 per haploid genome and 
represents one of the major repetitive DNAs shared by both rice and non-rice 
pathogens of M.grisea. 
Fccl elements 
Fcc] (Foil-like element from Cochliobolus carbonum.) is a repetitive element 
found in fungus C. carbonum. The two potential TIRs of this putative transposon are 
most similar to each other and have structural similarities to transposons of the Foil 
family. Fcc] also has a similar size and structure to Foil and Pot2 elements. Its DNA 
sequence is 49.5% identical to that of Foti element over 1660 bp, and 44% identical to 
that of Pot2 element. The amino acid sequence of Fccl is 27 % identical to that of Fot] 
and 24 % identical to that of Pot2. 
The Fcc] element was found in varying copy number in the genomes of all 
Cochliobolus spp. examined, giving a distinct fingerprint in each species and race 
tested (Panaccione et al., 1996). 
Tc4 family 
This family contains three transposons from the nematode C. elegans which 
are more distantly related to pogo. The Tc4 (Yuan et al. 1991; Li and Shaw 1993) and 
Tc5 (Collins and Anderson 1994) elements encode transposases with 19% and 14% 
identity to the D,D35E region of pogo respectively. The Tc2 element (Ruvolo et 
al. 1992) encodes a polypeptid having similarity to the region surrounding the first D of 
pogo transposase, no information about the comparison of the rest regions. 
Tc4 elements 
Tc4 is a distinctive family of transposable elements in the nematode C. elegans. 
The longest element found, named Tc4v, is 3483 bp in length, the others are 1605 bp 
long and consist of two 774 bp nearly perfect inverted repeats connected by 57 bp 
loop, and lacks significant open reading frames. In Tc4v, a 2343 bp novel sequence is 
present in place of a 477 bp segment in one of the inverted repeats. The novel 
sequence of Tc4v is present about five times per haploid genome and is invariably 
associated with Tc4 element. cDNA analysis suggests that the element contains at least 
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five exons that could encode a novel basic protein of 537 amino acid residues (Li & 
Shaw, 1993). 
Tc5 elements 
Tc5 is a family of transposable element in the nematode C. elegans. Tc5 is active 
in the mut-2 strains. There are 4-6 copies of Tc5 per haploid genome. Tc5 is a 3.2 kb 
long element bounded by inverted terminal repeats of nearly 500 bp. Individual Tc5 
elements are similar to each other in size and structure. Tc5 elements are similar to Tc4 
elements in that eight of the ten terminal nucleotides of Tc5 are identical to the 
corresponding nucleotides of Tc4, both elements recognise the same target site for 
insertion (CTNAG) and both cause duplication of the central TNA trinucleotide upon 
insertion. However, Tc5 is unrelated to the three other transposon families from C. 
elegans, Tcl, Tc2 and Tc3, which are also active in mut-2 mutant strains (Collins & 
Anderson, 1994). 
Tc2 elements 
The Tc2 element from C. elegans is 2074 bp in length and has inverted terminal 
repeats of 24 bp. There are three large open reading frames on one strand, which 
might encode the putative transposase protein. Tc2 has unusual subterminal degenerate 
direct repeats that are arranged in an irregular overlapping pattern. Both of the two 
insertions examined create a 2 bp target site duplication on insertion (Ruvolo et al., 
1992). 
Proteins related to pogo-like transposases 
CENP-B protein 
Human centromere protein B (CENP-B) is a 80 kD protein which binds 
specifically to a 17 bp motif, CENP-B box, in centromeric alpha-satellite DNA. The 
DNA binding domain of CENP-B is located within the N-terminal 125 amino acid 
residues which contain four potential alpha-helices. CENP-B forms a stable complex, 
complex A, containing two alphoid DNAs in vitro (Masumoto, et al., 1989; Muro, et 
al., 1992; Yoda, et al., 1992). Polypeptides bind a DNA molecule as a monomer at the 
N-terminal DNA-binding domain, while dimerise at a novel hydrophobic domain in 
the C-terminal region of 59 amino acid residues. CENP-B polypeptides form a 
homodimer at the C-terminal hydrophobic domains, each binding a DNA strand at 
their N-terminal domains. The dimerisation and DNA binding domains fall into two of 
the three completely conserved sequences found in human and mouse CENP-B. 
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CENP-B is proposed to play an important role in the assembly of specific centromere 
structures by forming unique DNA-protein complexes at the sites of CENP-B boxes 
on the centromeric repetitive DNA both in interphase nuclei and on mitotic 
chromosomes (Kitagwa, et al., 1995). 
jerky protein 
jerky is a gene of 2148 bp long and has an open reading frame encoding a 
putative 41.7 kD protein of 370 amino acid residues in a single exon. The inactivation 
of this gene results in the absence or reduced level of the jerky protein and cause 
epileptic seizures in mice. The jerky protein has seven domains with significant 
homology to sequences represented in centromere protein-B (CENP-B), Drosophila 
pogo-R1 1 transposable element, and yeast regulatory proteins RAG3 and PDC2. The 
sequence alignments were more significant with CENP-B and pogo-Rl 1. Overall, 
jerky showed 28% identity and 49.7% similarity to CENP-B, and 26.3% identity and 
52.9% similarity to pogo-R1 1. These homologies suggest that jerky might function as 
a DNA binding protein. Of the four alpha helices in the N-terminal 125 amino acid 
DNA binding domain of CENP-B, three are also predicted in the jerky protein. In 
addition, jerky contains two more regions with potential alpha helical structure (Toth, 
et al., 1995). 
PDC2 and RAG3 proteins 
PDC2 and RAG3 are yeast transcription factors that are not associated with 
transposons. However the proteins encoded by these genes have been shown to have 
significant similarity to the transposases encoded by the transposons of the pogo 
superfamily. 
RAG3 is a 2936 bp long gene in yeast Kluyveromyces lactis. It is a regulatory 
gene of pyruvate decarboxylase synthesis. It is required for the transcriptional 
regulation of the glucose transporter gene, RAG1 (GenBank accession no. X70186). 
PDC2 is a transcriptional activator necessary for high level expression of 
pyruvate decarboxylase in Saccaromyces cerevisiae. The DNA sequence is 3184 bp 
long which encodes a predicted protein of 925 amino acids. The protein sequence is 
rich in asparagine and serine residues, which is often found for transcriptional 
regulators (Hohmann, 1993). 
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1.2 Unity in transposition reactions 
Although different intermediates (DNA or RNA) are used in the transposition 
processes catalysed by transposase and integrase, the central reactions in them are 
similar. They all occur by similar DNA breakage and joining reactions, which are 
chemically identical. Moreover, the few available structures of transposases and 
integrases have remarkable overall structural similarity, even though they lack 
extensive primary sequence homology. They all have the similar sequence at the 
presumed catalytic domain, the common DDE motif, which has been show to be 
responsible for coordinating the essential divalent ion Mg 2 in the transposition 
reaction. 
1.2.1 Transposition reactions 
1.2.1.1 Transposition reactions catalysed by retroviral integrases 
In a retrotransposition process, the integrase is responsible for catalysing the 
following three reactions (Craigie et al., 1990; Katz et al., 1990; Chow et al., 1992): 
Processing of the double strand DNA ends, involving single-strand cleavage 
and removal of the terminal two 3' bases; 
Integration of the cleaved DNA into the host chromosome, by a nucleophilic 
attack by the liberated 3' OH on the target DNA, leading to a single strand join. 
Excision of the integrated oligonucleotide in a reaction called disintegration. 
1.2.1.2 Transposition reactions catalysed by transposases 
In the process of transposition, transposases are responsible for catalysing the 
following three reactions (Polard & Chandler, 1995): 
Formation of a synaptic complex involving both transposon ends and the 
transposase; 
A 3' strand cleavage at each end of the transposon to generate a 3' OH 
group; 
Transfer of the cleaved transposon strands into a suitable target DNA, in 
which the target backbone phosphate group undergoes concerted nucleophilic attack by 
the 3' OH group on the cleaved donor strand. 
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1.2.2 The central reactions in transposition and integration 
1.2.2.1 The central reactions in integration and transposition are 
similar 
From the reactions catalysed by integrases and transposases described in 
1.2.1, it is clear that central to these different processes, are the similar reactions of 
DNA cleavage and strand transfer. DNA cleavage reaction precisely exposes the 3' 
ends of both strands of the elements; and the strand transfer reaction joins the exposed 
3' ends to the target DNA. Sometimes DNA cleavage reactions also expose the 5' ends 
of both strands of the elements, which will result in a transposition product of different 
structure. When both the 3' and 5' ends of the transposon are broken, the element is 
excised from the donor site and inserted into the target site to form directly a simple 
insertion through a cut and paste mechanism. When only 3' end cleavage occurs, the 
transposon remains attached to the donor site and is also attached to the target site. 
Processing of this strand transfer product by host replication functions generates a 
structure called a co-integrate in which two copies of the transposon fuse the donor 
backbone and the target DNAs. These similarities and differences are well represented 
in the processes of retrovirus integration, phage Mu transposition and Tnl01Tn7 
transposition described later (Fig.! .2-1 a-c). 
DNA cleavage reactions 
In this step, the transposon donor DNA is specifically cleaved at the two ends 
of the transposon to generate 3'-OH residuces. For some elements, such as phage Mu 
and retroviruses, the cleavage only occurs at the 3' ends, leaving the other strand 
uncleaved (Fig. 1.2-1c). Other elements, such as Tn7 and TnlO, which transpose via a 
cut and past mechanism, generate double strand cuts at the ends of the element 
(Fig. 1.2- ib). For all the elements studied, the 3'-OH termini of the element exposed 
by the endonuclease cleavage is utilised for the next strand transfer step. 
Retroelements also use the same DNA cleavage mechanism to expose the 3' 
ends of the elements. They transpose via an RNA intermediate that is converted into 
double strand linear DNA, which functions as the direct precursor for integration into a 
new location in the host chromosome. This integration process is similar to other 
transposition reactions. Most retrovira.l integration precursor DNAs are two base pairs 
longer at each end than the sequence that integrates into host chromosome. These extra 
nucleotides at the 3' end of each strand are removed by DNA cleavage (Fig. 1.2-la). 
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1.2-1 Transposition reactions of retrovirus. TnlO/Tn7 and phage Mu 
After Craig (1995) and Polard & Chanddler (1995) 
Strand transfer reactions 
Strand transfer is the cleavage and joining of phosphodiester bonds that results 
in connection of the donor and target DNA. In this process, under the attack of the 3' 
OH group of the cleaved DNA, the target DNA is staggered cleaved to generate a 5' 
end extension. This is coupled with a single strand joining of the processed 3' 
hydroxyl ends of the transposon to the 5' phosphate ends of the target DNA to 
generate the target site duplication. The target DNA cleavage and joining to the donor 
DNA ends are energetically coupled so that no external energy sources such as ATP 
are required. All the elements studied so far join the 5' ends of the cut target DNA to 
the 3' OH ends of donor DNA, leaving the 3' ends of the target strands unjoined to the 
donor. These gaps are later joined by the host DNA repaire system. 
The structure of the strand transfer product, depends on the nature of the 
unjoined donor DNA ends. For elements such as Tn7 and TWO that transpose by the 
cut and paste mechanism, gap repair completes the transposition process. The strand 
transfer product of phage Mu carries a pair of branched DNA structure, due to the 
remaining connection to the original donor DNA flanking the 5' ends of the 
transposon. Such an intermediate can be processed by replicating the entire transposon 
sequence and the short target site sequence. 
1.2.2.2 The DNA cleavage and strand transfer reactions are chemically 
identical 
The DNA cleavage and strand transfer reactions, which have been shown to be 
the central reactions of all transposition processes, are themselves chemically identical 
reactions. Both of them are Mg 2 dependent reactions and likely result from direct, 
one-step transesterifications without covalent protein-DNA intermediates (Mizuuchi, 
1992). In DNA cleavage, H20 is the nucleophile that attacks a phosphodiester bond 
hydrolysing and exposing of the 3' -OH transposon end. In strand transfer, the newly 
exposed 3-011 transposon end is the attacking nucleophile that attacks by the 3' -OH 
transposon end on the target DNA results in the covalent linkage of the transposon end 
to a target strand. This chemical similarity suggests that the same, or at least closely 
related, active sites in the integrases and transposases execute both of these reactions. 
1.2.3 The DDE common regions of transposases and integrases 
Extensive sequence comparisons over the last few years have indicated that the 
similarities in mechanisms of integration and transposition are reflected in similar 
amino acid sequences of integrases and transposases. These similarities are confined 
chiefly to the catalytic domains of these proteins. The most notable feature of these 
conserved regions is a triad of "invariant" carboxylate residues, two aspartates and a 
glutamate known as the DDE motif. These three conserved residues are well separated 
in the primary sequence with spacers of about 50-70 residues between the two 
aspartates and 34/35 residues between the second aspartate and the glutamate. The 
space between the latter D and E is usually 34 amino acids in the eukaryotic elements, 
but 35 in the prokaryotic elements (Doak et al., 1994; Polard and Chandler, 1995). 
This DDE motif has been found to be conserved in many integrase and transposase 
sequences encoded by completely different transposable elements. Some transposable 
element families can therefore be linked with the others by the DDE motif. 
1.2.3.1 The DDE motif of integrases 
The highly conserved DDE motif was first found in the integrase sequences of 
retrovirus and retrotransposons (Kulkosky, et al 1992; Fayet, et al., 1990; Johnson, et 
al.,1986; Rowlan & Dyke, 1990). The highlighted functional domains of 80 
retroviruses and retrotransposons are highly conserved 50 amino acid sequence, which 
were referred to as D(35)E motif, since it is composed of invariant aspartate (D) and 
glutamate (E) residues consistently separated by 35 amino acids. The residues in this 
region were supposed to contribute to the common functions of DNA recognition, 
cutting, and joining shared by these proteins (Kulkosky, et al., 1992). 
1.2.3.2 The DDE motif of transposases 
The highly conserved DDE motif has been found in more and more families of 
the class II elements including many bacterial insertion sequences (ISs), bacterial 
transposon Tn7, elements of the Tcl -mariner superfamily, hAT superfamily, pogo 
superfamily, and bacterial phage Mu (Table 1.2-1). This motif is also supposed to be 
essential for transposase activity. So transposases are linked with integrases by the 
common DDE motif, and so do the transposon families with that of retrovirus and 
retrotransposons. 
The DDE motif of bacterial insertion sequences (ISs) 
Members of the 1S3 insertion sequence family were the first class II elements 
found to have the conserved DDE motif (Kulkosky, et al 1992; Fayet, et al., 1990;). 
The DDE motif in the 1S3 family is similar to the D(35)E motif in retroelements. Later 
studies show that this motif is also present in the transposases of the members of the 
1S630 family in Shigella (Henikoff, 1992) 
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Table 1.2-1 The DDE motifs of some transposases 
Transposon DDE motif comments 
1S3 & 1S360 D, D(35)E prokaryotic transposon; 
same DD(35)E motif as 
retroelements. 
TO D, D(35)E prokaryotic transposon; 
same DD(35)E motif as 
retroelements. 
Tcl & Tc3 D, D(34)E eukaryotic transposon; last 
D and E seperated by 34 
residues. 
Mariner D, D(34)D eukaryotic transposon; E is 
subsititued by D; last two D 
seperated by 34 residues. 
hAT elements D,SID,E second D is substituted by 
Serine(S) in Ac and some 
hobo transposases; space 
between second SID and last 
Evaries from 34 to 37. 
pogo elements D,D,? no proper candidate for the 
last residue of the DDE trait. 
phage Mu D,D,E second D and E separated by 
56 residues. 
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The DDE motif of bacterial transposon Tn 7 
The TnsA and TnsB subunits of the transposase of bacterial transposon Tn7 
have both been shown to contain the conserved DDE motif. Like other prokaryotic 
elements, the last D and the E are generally separated by 35 amino acid residues 
(Radstrom et al., 1994; Craig, 1996c; Polard & Chandler, 1995; Sarnovsky et al., 
1996). 
The DDE motif of Tcl-mariner superfamily 
Members of the Tcl -mariner superfamily are the eukaryotic elements found 
having the conserved DDE motif. The space between the latter D and E is 34 here, 
rather than 35 in prokaryotic elements. All three residues of the D,D(34)E motif are 
present in the transposase coded by Tcl elements, while the distal E has undergone a 
chemically conservative E-D substitution in the mariner elements (Doak et al., 1994). 
The DDE motif of hAT superfamily 
Comparison of the transposases coded by hAT elements and Tcl -mariner 
elements shows that the DDE motif may also be present in hAT sequences (Bigot, et 
al., 1996). The second amino acid of the DDE triad is replaced by a serine in the Ac, 
HFL1 hobo and hermes transposases. There are also variations in the number of 
residues between the first and the second acidic residues of the putative DDE motif in 
all these transposases. But the alignment shows that the differences in length are due to 
insertions or deletions at the same position. 
The DDE motif of pogo family 
The putative pogo transposase sequence has a sequence similar to the DDE 
motif, but the final conserved glutamic acid is not present (Doak et al., 1994; 
Robertson, 1996). All the other members of the pogo superfamily have significant 
amino acid sequences similar to that of pogo in the central conserved DDE region, 
suggesting that they might be related to the extended DDE superfamily of transposase 
and integrase (Robertson, 1996). 
The DDE motif of phage Mu 
The transposase of phage Mu, MuA, has also been show having a DDE motif. 
Amino acid sequence alignment first suggests that Asp-269 and Glu-392 of MuA may 
correspond to the first Asp and last Glu in the DDE motif, but there is no obvious 
candidate for the middle Asp (Baker and Luo, 1994). Later studies (Kim. et al., 1995) 
show that Asp-294 could be the middle D in the DDE motif. However, structure 
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studies reveals that Asp-336, together with Asp-269 and Glu-392, make up the DDE 
motif of MuA transposase (Grindley & Leschziner, 1995). 
1.2.4 The role of DDE motif in transposition reactions 
It has been shown in 1.2.2 that the reactions catalysed by integrases and 
transposases are similar. DNA cleavage and strand transfer are identical Mg2+ 
dependent chemical reactions. And it has been show in 1.2.3 that integrases and 
transposases are structurally similar as they all have the conserved DDE motif in their 
catalytic domains, which have been show to be essential for catalysing transposition 
reactions. So it is very likely that the DDE motif is closely related to the central 
reactions of transposition. This has been investigated by changing these residues by 
site directed mutagenesis and by determining the three dimentional structures of some 
of these proteins. The results from both studies indicate that the DDE motif forms part 
of the active site of these enzymes and probably contributes to their activity by 
coordinating divalent metal ion involved in catalysis (Baker & Lou, 1994; May & 
Craig, 1996; Balland & Kleckner, 1996; Katz & Skalka, 1994). 
1.2.4.1 Mutagenesis studies 
Mutagenesis studies were conducted to change amino acid residues in the 
catalytic domain of the integrases and transposases, to analyse their effects on the 
transposition. The results show that replacement of the conserved D or E residues in 
the DDE region dramatically reduced the 3' end cleavage and joining activities, even 
when the substitutions were highly conservative (Engelman & Craigie, 1992; 
Kulkosky, et al., 1992; van Gent, et al., 1992; Baker & Luo, 1994; Kim et al., 1995). 
The dependence of both cleavage and joining on these invariant residues suggests that 
they participate in both reactions. Since acidic residues are characteristically involved 
in metal binding, and both the cleavage and joining reactions of integrase/transposase 
require Mg2+  or  Mn2+,  one possible role for these invariant residues would be 
coordination of the metal cofactor(s) required in these reactions. 
1.2.4.2 Structure analysis 
More direct evidence concerning the role of the DDE motif in catalysing 
transposition reactions comes from structural analysis. The X-ray crystal structures of 
the catalytic core domain of HIV integrase, Mu transposase and ASV integrase have 
been analysed, and provide more information about the DDE catalytic motif (Fig. 1.2-
2a-c). 
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Fig. 1.2-2 Structure of the catalytic domains of Mu transposase. IHV integrase. and ASV integrase 
(After Grindly & Andres, 1995) 
The structure of HIV integrase 
In the analysed structure of HIV integrase, only the two aspartate residues 
(Asp-64 and Asp- i 16) of the DDE triad were visible. They were close to one another, 
however, and the third carboxylate, Glu-152, located on a 13 residue disordered 
region, seemed likely to be located in the same general area. This result is compatible 
with the proposed role of the three carboxylates in metal binding and catalysis (Dyda et 
al., 1994) (Fig. 1.2-2b). 
The structure of Mu transposase 
In the analysed structure of Mu transposase, all three carboxylates of the 
conserved DDE triad were visible. The conserved glutamate was on a loop with its 
side chain pointing out into solvent. It was proposed that a simple rearrangement could 
bring the glutamate into the aspartate-containing active site region. The alignment 
confirms the identities of Asp-269 and Glu-392 and positively identifies Asp-336 as 
the three members of the Mu DDE motif (Rice & Mizuuchi, 1995) (Fig. 1.2-2a). 
The structure of ASV integrase 
The ASV integrase structure provided an example of a metal ion bound at the 
active site (Bujacz et al., 1996). The segment containing the invariant glutamate 
(disordered in HIV integrase and forming loop inappropriately positioned for catalysis 
in Mu transposase) and the other two aspartate was well ordered, forming the active 
site (Bujacz et al., 1995, 1996) (Fig. 1.2-2c). This is the best evidence to show the 
three conserved carboxylate residues contribute to the active site by coordinating with 
the essential divalent ion. 
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1.3 The initial step of transposition - assembly of the active DNA-
protein complex 
As an initial step of transpositon, the transposase has to recognise and bind 
sequence specifically to the ends of the element, to assemble a synaptic DNA-protein 
complex. In this complex, the transposase binds to the transposase binding sites at the 
ends of the element by its DNA binding domain. Some host proteins and other factors 
might also be involved in this complex. The DNA-protein complexes are different 
from element to element, depending on how many transposase binding sites, how 
many transposase monomers, and how many host proteins and other factors are 
involved. However, only in this stable complex can the transposase be activated to 
catalyse the transposition reactions. 
1.3.1 The transposase binding sites of different elements 
The transposase binding sites, which are the DNA sequences to which the 
transposase binds, are different from element to element. These differences are not 
only reflected on their sequences, but also on their positions and numbers, probably 
reflecting the specific DNA-protein association required for the transposition of each 
element. The transposable elements can therefore be divided into two classes according 
to the positions of the binding sites: one with binding sites located within the inverted 
repeat, and the other with the binding sites located internally to the inverted repeat. In 
each class, the elements can be further divided into two groups depending on the 
numbers of the binding sites: one has only one binding site, and the other has more 
than one binding sites (Tab.1.3-1). 
1.3.1.1 Elements with transposase binding sites located within the 
inverted repeats 
For the transposase to recognise, then cut and fuse the transposon to a new 
site, it is a common idea that the transposase will first bind to the sequence near the 
ends of the element where the transposase carries out the cleavage and joining of the 
DNA strands. The terminal inverted repeats, which are asymmetrically located at both 
ends of the element, are very good places for the transposase to bind to. This has been 
shown to be the case for elements in this class. Most of them have a single binding site 
located towards the interior of the terminal inverted repeats. This suggests the 
existence of two functional domains in the terminal inverted repeats of these elements: 
a domain which is recognised and bound by the transposase, and the terminal two to 
three base pairs which are presumably positioned in the active site of the protein 
(Polard & Chandler, 1995) 
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Table 1.3-1 classification of transposable elements according to their 
transposase binding sites 
One binding site More than one binding 
site 









Elements with one binding site located within IR 
The elements in this group have only one transposase binding site which is 
located within the terminal inverted repeat sequence of the elements. This class 
includes many bacterial insertion sequences, such as IS], ISJO, 1S50, 1S30 and 1S903 
(Derbyshire & Grindley, 1992; Vos et al., 1993; Wiegand & Reznikoff, 1994); Tn3 
(Ichikawa, et al., 1987 & 1990; Amemura, 1990), the Tc] from C.elegans; (Vos, et 
al., 1993; Colloms, et al., 1994) and Mariner Himarlfrom hore fly, Haematobia 
irritans (Lampe, et al., 1996). 
For example, Tcl from C. elegans is a element of 1612 bp long, with 26 bp 
terminal inverted repeats and an open reading frame coding for the transposase Tc IA. 
Tc1A binds specifically to the inverted repeats . The Tc1A recognition site is located 
between base pair 5 and 26 from the end of Tcl (Vos, et al., 1993) (Fig.1.3-la). 
Elements with more than one binding sites located within IR 
The transposases encoded by elements in this class also bind to the inverted 
repeat sequences of the elements, but bind to more than one position in each inverted 
repeat. Tc3 element from C. elegans is an example. 
Tc3 is 2335 bp long and has inverted repeats of 462 bp at each end. The Tc3 
transposase binds specifically to two regions within the 462 bp Tc3 inverted repeat. 
One region is located at the end of the inverted repeat in between base pair 11 and 30, 
the other is located about 180 bp from the end in between base pair 184 and 202 
(Colloms, et al., 1994)(Fig. 1.3- lb). 
1.3.1.2 Elements with transposase binding sites located internally to 
the inverted repeats 
Although as it has been shown in 1.3.1.1 that the transposases of some 
elements interact sequence specifically with terminal inverted repeat sequences of the 
elements, the transposases from other elements tend to bind specifically to DNA 
sequences internally to the terminal inverted repeats. Most of those studied so far have 
more than one transposase binding site, indicating that they might form more 
complicated structure with the tranposase in the transposition process. 
Elements with one binding site located internally to the IR 
The P element of Drosophila is the only member of this group that has been 
identified so far. It has 31 bp inverted repeats and the P transposase binds to a 10 bp 
consensus sequence 16 bp from 5' inverted repeat and 4 bp from 3' inverted repeat 











Fig. 1.3-1 The transposase binding sites of Tcl. Tc3. P. and TO elements 
The transposase binding sites are indicated by arrows. 
The terminal inverted repeat regions are indicated in black blocks. 
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Elements with more than one binding sites located internally to the IR 
This group includes most of the elements having binding sites located 
internally to the terminal inverted repeats. They have more than one binding sites at 
each end of the elements. These binding sites are normally highly conserved short 
sequences, about 10-20 bp in length. Their sequences and distributions are 
characteristic of each element, reflecting the specific DNA-protein interactions of 
different elements. This group includes Mu, Tn7, En/Spm and Ac. 
For example, Tn7 has 8 bp inverted repeats at both ends. These 8 bp inverted 
repeats are located outside of the outmost TnsB binding consensus sequences. In 
addition to these two outmost binding sites, five additional 22 bp consensus sequences 
for TnsB binding are located further inside, two on the left hand side, and three on the 
right hand side (Arciszewaka, et al., 1989)(Fig. 1.3-1d). 
1.3.2 The DNA binding domain and its functional motif of a 
transposase 
1.3.2.1 General domains of a transposase 
The transposase encoded by a transposable element is responsible for its 
transposition. The general duties of a transposase include recognition and binding to 
the transposon end sequence and the target DNA, to form an active DNA-protein 
complex, then catalysing a transposition reaction involving DNA cleavage and strand 
transfer. These duties have been shown to be shared by different domains of the 
transposase: a DNA binding domain, a catalytic domain, and a dimerisation domain. 
DNA binding domain 
The DNA binding domain of a transposase is normally located near the N-
terminus of the transposase. It recognises and binds to the transposase binding site 
located near the ends of the element. 
Catalytic domain 
The catalytic domain of a transposase, which is normally located in the central 
region of the transposase, usually contains the conserved DDE catalytic motif, is 
responsible for catalysing the transposition reactions including DNA cleavage and 
strand transfer reactions. 
39 
Dimerisation domain 
A stable synaptic DNA-protein complex is considered to be a prerequisite for 
the transposase to catalyse the transposition reaction. This is probably achieved by the 
association of two or more transposase monomers after they bind to the transposon 
end sequences. However, only a couple of transposases have been reported as having 
dimerisation domains. One of them is the transposase of EnJSpm element of Zea mays, 
which has a dimerisation domain at the C-terminal of the transposase (Trentamann, et 
al., 1993). The other one is the transposase of P element. P transposase has a putative 
leucine zipper dimerisation motif located next to the N-terminal 98 amino acid DNA 
binding domain, this motif might represent a dimerisation domain involved in the 
transposase-transposase or transposase-repressor interactions (Rio, 1990; Lee et al., 
1996). 
1.3.2.2 The functional motifs in the DNA binding domains of DNA 
binding proteins 
DNA binding proteins can be classified according to the structures of their 
functional motifs. These classes are referred to as helix-turn-helix, leucine zipper, 
helix-loop-helix, zinc finger and so on (Branden & Tooze, 1991; Harrison, 1991; 
Pabo & Sauer, 1992). 
Helix-turn-helix (HTH) 
This is the best characterised class among DNA binding proteins (Pabo & 
Sauer, 1984; Harrison & Aggarwal, 1990). The HTH is generally defined as a 20-
residue segment, with two a—helices that cross at an angle of about 120°C. There may 
be additional helical residues, at the N-terminus of the first helix or the C-terminus of 
the second, which extend beyond the central 20 residue 'core' (Harrison, 1991). The 
second helix in the HTH motif is the "recognition" helix which penetrates into the 
major groove of the DNA target, allowing protein side-chains to make extensive base-
specific hydrogen bonds and contacts (Brennan, 1991, 1992). 
leucine zipper 
The DNA binding domains of the leucine zipper proteins generally contain 60-
80 residues (Landxchulz, et al., 1988; Hope & Struhi, 1986), and contain two distinct 
subdomains: the leucine zipper region mediates dimerisation, while a basic region 
contacts the DNA. Leucine zipper sequences are characterised by a heptad repeat of 
leucines over a region of 30-40 residues. There also tends to be a conserved repeat of 
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hydrophobic residues (often Val or lie) occurring three residues to the N-terminal side 
of the leucines (Landxchulz, et al., 1988). 
Helix-loop-helix (HLH) 
The HLH proteins have a basic region that contacts the DNA and a 
neighbouring region that mediates dimer formation (Murre, et al., 1989a; Murre, et al., 
1989b; Voronova & Baltimore, 1990). This dimerisation region forms an cr—helix, a 
loop, and a second a—helix (Murre, et al., 1989a). The sequence of the basic region 
has some similarities with that of the basic region of the leucine zipper proteins 
(Prendergast & Ziff, 1989). 
Zinc finger 
Zinc fingers are another one of the major structural motifs involved in protein-
DNA interactions (Berg, 1986; Kiug & Rhodes, 1987; Kaptein, 1991; Berg, 1990). 
Proteins in this family usually contain tandem repeats of 30-residue zinc finger motif, 
in each motif with one Zn ion co-ordinated by two cysteines and two histidines, or 
four cysteines, or one histidines and three cysteines. The loop between these residues 
forms the DNA-binding region which binds into the major groove of DNA (Miller, et 
al., 1985; Brown, et al., 1985). 
Since transposases are also DNA binding proteins, and their functions in 
transposition include specific DNA binding and dimerisation, the functional motifs 
described above might be expected to be present in transposases. Indeed, some of 
these motifs have been found in transposase sequences (see later), and probably play 
an important role in the transpositon. 
1.3.2.3 The DNA binding domain and its functional motif of a 
transposase 
DNA binding domains of some transposases 
For a transposase to execute its catalytic activity in the transposition process, it 
has to first recognise and bind to the transposon end sequences to form a stable 
synaptic complex. Sequence specific DNA binding is a general characteristic of all 
transposases, and has been extensively studied in recent years. All the transposases 
studied so far have been show to be able to bind specifically to the transposon end 
sequences. The amino acid sequence responsible for this binding, the DNA binding 
domain, is always located at the N-terminal of the transposase. 
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Table 1.3-2 lists the DNA binding domains of the transposases studied so far. 
These include transposases of 1S30, Ac, P. Tcl, Tc3 elements (Stalder, et al., 1990; 
Lee et al., 1996; Vos & Plasterk, 1994; Collom et al., 1994). 
Functional motifs in the DNA binding domains of some transposases 
As DNA binding proteins, transposases probably have the same functional 
motifs as other DNA binding proteins. Indeed, some DNA binding motifs have been 
found in the DNA binding domains of 1S30, Tcl, Tc3 and Ptransposases. 
1S30 transposase 
The DNA binding domain of 1S30 element is located in the N-terminal 1/3 
region of its transposase (Stalder, et al., 1990). A helix-turn-helix DNA-binding motif 
has been predicted to be present in the putative DNA binding region of this 
transposase family (Pietrokovski, 1996, Stalder, et al., 1990). 
Tcl-Tc3 transposase 
The DNA binding domain of Tcl transposase, Tc 1 A, is located in the N-
terminal 68 amino acids of the transposase (Vos & Plasterk, 1994). The DNA binding 
domain of Tc3 transposase is located at the 65 amino acids at the N-terminus of the 
transposase (Colloms, et al., 1994). Computer search based on three methods strongly 
indicated that the N-terminal region of Tcl and Tc3 tranposase contains a HTH motif 
(Pietrikovski &Henikoff, 1997). 
P transposase 
The DNA binding domain of P transposase has been mapped to the N-terminal 
98 amino acids, which contains the potential CCHC (CX3CX9HX3C) metal binding 
motif (Lee, et al., 1996; Rio, 1990). 
1.3.3 The architecture of the synaptic DNA-protein complex 
A well organised synaptic structure contains two transposon ends bound by the 
transposase is supposed to be a prerequisite for activating the transposase to catalyse 
the transposition reaction. The complex of each element has its own requirements for 
the number of transposase monomer, the number of the transposase binding site, and 
the kind of host proteins and other factors involved. The DNA-protein complexes of 
TWO, phage Mu, and Tn7 described here are good examples. 
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Table 1.3-2 The DNA binding domains of some transposases 
Transposases DNA binding domain Reference 
IS 30 transposase N-terminal 1/3 region Stalder, et al., 1990 
Ac transposase N-termianl 200 amino acids Feidmar & Kunze, 1991 
P transposase N-terminal 98 amino acids Lee, et al., 1996 
Tcl transposase N-terminal 68 amino acids Vos & Plasterk, 1994 
Tc3 transposase N-terminal 65amino acids Colloms et al., 1994 
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The active DNA-protein complex of TnlO 
Tn 10 is a composite bacterial transposon made up of two copies of the 
insertion sequence IS1O that flank a tetracycline-resistance determinant (Kleckner, 
1989; Kleckner et al., 1995). IS10 right encodes the 46 kd 1510 transposase. This 
transposase interacts specifically with the 23 bp terminal inverted repeats of 1510, and 
promotes transposition. The outside end of the element also has a specific binding site 
for Integration Host Factor (IHF) immediately internal to the terminal inverted repeat 
sequences (Huisman et al., 1989). 
Transposition of this element occurs through a non-replicative mechanism in 
which the transposon is first excised from donor DNA by a pair of double-strand 
cleavages, then integrated into a new site by a single strand transfer (Bender & 
Kleckner, 1986; Haniford et al., 1989; Benjamin & Kleckner, 1992). An early and 
necessary step in TWO transposition involves the pairing of two transposon ends. 
These two ends and the transposase make up a stable synaptic complex (Haniford et 
al., 1991; Haniford & Kleckner, 1994; Sakai et al., 1995). All the chemical steps 
(excision and strand transfer) in TWO transposition take place in this synaptic complex 
(Sakai et al., 1995). A single ISJO transposase monomer carries out all three chemical 
steps in the transposition reaction (Benjamin & Kleckner, 1992; Chalmers & 
Kleckner, 1994). Bacterial protein IHF serves as a regulatory element (Signon & 
Kleckner, 1995). Formation of a precleavage synaptic complex is followed by 
cleavage steps (Sakai et al., 1995; Hanifod et al., 1991). Cleavage of the two strands 
at each end occurs in a sequential order: nicking of the transferred strand always 
precedes nicking of the nontransferred strand (Balland & Kleckner, 1995). Once 
double-strand cleavage has occurred at both ends of the element, the synaptic complex 
is capable of capturing a target DNA via a stable noncovalent association; strand 
transfer then occurs (Bolland & Kleckner, 1996; Kleckner et al., 1995). It has recently 
been shown that all three chemical steps utilise a single active site containing critical 
amino acid residues. The same monomer promotes both DNA cleavages and strand 
transfer steps. Within any synaptic complex the two monomers carry out the entire 
chemistry of the transposition reaction (Bolland & Kleckner, 1996). 
The active DNA-protein complex of phage Mu 
Phage Mu transposes via a replicative mechanism, in which only the 3' end 
cleavage occurs, the transposon is attached to the target site by its 3' end in the strand 
transfer reaction while still remaining attached to the donor DNA by its 5' uncleaved 
end. This strand transfer product is processed later to generate two copies of the 
transposon fused to the donor backbone and the target DNA. 
The Mu transposase, MuA, promotes the two chemical steps of the DNA 
cleavage and joining reactions required for transposition. Prior to initiation of these 
chemical steps, two Mu ends are held together by a MuA tetramer to form a stable 
synaptic complex. There are six transposase binding sites at the ends of Mu element: 
Li, L2 and L3 on the left end of the genome, and Ri, R2 and R3 on the right end 
(Allison & Chaconas, 1992; Mizuuchi et al., 1992). These binding sites are related by 
a 22 bp consensus sequence (Craigie et al., 1984). Li and RI are closest to the ends 
of the genome. About 1 kb from the left end is an internal activating sequence (lAS) 
required for efficient Mu transposition (Mizuuchi & Mizuuchi, 1989; Liung et al., 
1989; Surette et al., 1989). Before the synaptic complex forms, monomers of MuA 
protein bind to all the MuA binding sites; while in the synaptic complex, they are 
tightly bound to only the three endmost sites, Li, Ri and R2. and assemble into a 
tetramer which maintains the two DNA ends in a stablely synapsed complex 
(Mizuuchi, et al., 1992). The assembly of this synaptic complex require the presence 
of MuA transposase, divalent mental ions, bacterial proteins HU and IHF, supercoiled 
donor DNA containing the lAS, and properly oritated left and right end sequences 
(Mizuuchi, et al., 1992). The DNA cleavage step is processed after synaptic complex 
formation. The second chemical step, the DNA strand transfer reaction, converts the 
synaptic complex into the strand transfer complex (Surette et al., 1987). The internal 
MuA-binding sequences (L2, L3, and R3), the lAS, and the host proteins, HU and 
IHF, are not required for strand transfer (Mizuuchi et al., 1991; Lavoie & Chacona, 
1990). The second phage-encoded transposition protein, MuB, which requires ATP 
for its action, strongly influences the choice of the target site by stimulating 
intermolecular strand transfer (Maxwell et al., 1987; Adzuma & Mizuuchi, 1988; 
Baker et al., 1991). The arrangement of MuA at the Mu ends in the second complex is 
similar to that in the first complex (Mizuuchi et al., 1991), although the second one 
contains the target DNA and MuB (Lavoie & Chaconas, 1990). 
The active DNA-protein complex of Tn7 
The bacterial transposon T47 (Barth et al., 1976; Craig, 1996c) moves through 
a cut and paste mechanism involving formation of double-strand breaks at both ends of 
Tn7 and joining of the 3' ends to the target DNA (Bainton et al., 1991, 1993). Tn7 
transposition involves multiple Tn7 encoded proteins: TnsA, TnsB, TnsC, TnsD and 
TnsE. Different subsets of Tns proteins promote insertion into different target sites: 
TnsABC+D promote Tn7 insertion into a specific site in the E.coli chromosome, 
attTn7, and Tns ABC+E promote Tn7 insertion into many non-attTn7 sites (Rogers et 
al., 1986; Waddell and Craig, 1988; Kubo & Craig, 1990). Molecular analysis of Tn7 
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transposition into attTn7 revealed that all components of this reaction (TnsA, TnsB, 
TnsC, TnsD, the donor transposon DNA and the target attTn7 DNA) must be present 
for the initiation of recombination (Bainton et al., 1991, 1993; Sarnovsky, et al., 
1996). This requirement suggests that a prerequisite for recombination is the formation 
of an elaborate nucleo-protein complex involving specific recognition of the substrate 
DNAs, and also involving synapsis of the transposon ends with each other and with 
the target DNA; multiple specific protein-DNA and protein-protein interactions are 
surely necessary to form this active complex. T47 transposase is a hetromeric complex 
of TnsA and TnsB, each protein executing different DNA processing reactions which 
act on different strands at the transposon end. TnsA mediates DNA cleavage reactions 
at the 5' ends of Tn7, and TnsB specially recognises the ends of Tn7 and mediates 
DNA breakage and joining reactions at the 3' ends of Tn7. TnsB is the protein which 
executes the most central and fundamental of these breakage and joining reactions. 
Thus the double-strand breaks that underlie Tn7 excision result from a collaboration 
between two active sites, one in TnsA and one in TnsB; the same (or a closely related) 
active site in TnsB also mediates the subsequent joining of the 3' ends to the target 
(Samovsky, et al., 1996). 
1.3.3.4 The DNA-protein complexes of TnlO, Mu and Tn7 - similarities 
and differences 
The obvious similarity is that synaptic DNA-protein complexes are formed for 
all three elements as an initial step of their transpositions. Each of these complexes 
contains two transposon ends and the transposase. This complex has been shown to 
be crucial for the following transposition reactions in all these elements. 
However, each complex is characteristic of each element, they are different in 
several aspects: a) the components in the complex are different. TnlO complex 
contains two transposase monomers, a pair of transposon ends, and host IHF protein; 
Mu complex contains a transposase tetramer, three transposase binding sites, lAS 
sequence, host HU and IHF proteins; while for Tn7 complex, all components of the 
transposition reaction, TnsA, TnsB, TnsC, TnsD, the donor transposon DNA and the 
target attTn7 DNA must be present for this initiation step. b) the properties of the 
transposases used to catalyse each transposition step are different. IS1O transposase 
monomer catalyses all three steps of transposition using a single active site; for Mu, 
two MuA monomers within the tetramer catalyse the DNA cleavage reaction, the other 
two catalyse strand transfer reaction, a structure transfer is also required for changing 
the active site; for Tn7, TnsB catalyses 3' end cleavage and joining, while TnsA 
catalyses 5' cleavage. c) the interactions of the transposase monomer(s) are different. 
ISJO transposase monomer is sufficient to catalyse the transposition reaction, in Mu 
transposition, a transposase tetramer is required, Tn 7 transposition needs a 
heteromeric transposase formed from TnsA and TnsB. 
Taken together, TnlO/ISJO transposition probably has the simplest 
requirements for initiating a transposition reaction, a transposase monomer catalyses 
all three chemical reactions; Mu has more complicated requirement, the co-operation of 
four transposase monomers is needed; while the most complicated Tn7 transposition 
needs the co-operation of proteins of different gene products. The different 




MATERIAL AND METHODS 
2.1 Materials 
2.1.1 Chemicals 
The chemicals used in this study were either products for molecular biology or 
analytical grade chemicals. They were supplied from companies of Sigma, Fisons, 
BDH, Boehringer Mannheim. 
2.1.2 Enzymes 
Restriction enzymes and their buffers were supplied from companies of 
Boehringer Mannheim or New England Biolabs, Inc.; Kienow enzyme and its buffer 
were from New England Biolabs, Inc. or Promega; T4 DNA ligase and its buffer were 
from New England Biolabs, Inc.; Taq DNA polymerase and its buffer were from 
GIBCOBRL or Promega. 
2.1.3 Isotopes 
a-32P-dCTP (3,000 Cilmmol) 
a-35S-dATP (400 Cilmmol) 
The isotopes used in this study were supplied from Amersham International. 
2.1.4 Bacterial media 
Luria Broth (L-broth): 
Difco Bacto tryptone, 10 g; Difco Bacto yeast extract, 5 g; NaCl, 5 g; per litre, 
adjusted to pH 7.2 and autoclaved. 
Luria agar (L-agar): 
Same as Luria Broth with 15 g per litre Difco agar. 
Ampicillin to a final concentration of 100 gg/ml was added to media 
immediately prior to use when required. 
2.1.5 Solutions 
5x Binding buffer: 
100 mM HEPES, pH7.6; 200 mM KC1; 10 mM MgCl2; 0.5 mM EDTA; 5 mM DTT; 
50% glycerol. 
Boiling mix: 
Stacking gel buffer, 1.0 ml; 25% SDS, 0.8 ml; B-mercaptoethanol, 0.5 ml; 100% 
glycerol, 1.0 ml; Bromophenol blue, 0.05%. 
49 
Denaturation buffer: 
0.5 M NaOH; 1.5 M NaCl. 
Destain: 
Methanol, 10%; Acetic acid, 10%; dH20, 80%. 
FDE loading buffer: 
EDTA, 100 mM, pH 8.0; Bromophenol blue, 0.1%; FicolI, 20%. 
Gel Buffer: 
Tris, 18.15g; SDS, 0.4g. pH to 8.9 with HC1; make up to 100 ml with dH20. 
Glutathione-agarose bead slurry: 
Preswell glutathion-agarose beads (Sigma) in 10 vol lx PBS for 1 hr. Wash twice 
with lx PBS and store as 50% slurry at 4°C for up to 1 month. 
Hybridisation solution: 
0.5 M NaP 0 M Na2HPO4, 72 ml; 1 M NaH2PO4, 28 ml; make up 1 M NaP); 7% 
SDS; 1 mM EDTA, pH 8.0. 
Neutralisation buffer: 
0.5 M TrisHC1, pH 7.5; 1.5 M NaCl. 
lOx PBS: 
NaCl, 80 g; KCI, 20g; Na2HPO4, 20 g; make up to 1 L with dH20. 
Reaction stop buffer: 1 % SDS; 200 mM NaCl; 20 mM EDTA, pH 8.0; 40 J.xg/ml 
tRNA. 
Sequencing loading buffer (Stop solution): 
95% Formamide; 20 mM EDTA; 0.05% Bromophenol Blue; 0.05% Xylene Cyanol 
FF. 
Stacking gel buffer: 
Tris, 5.1g; SDS, 0.4g; pH to 6.7 with HC1; make up to 100 ml with dH20. 
Stain: 
4.0 g CBBR, 1.0 L methanol, 200 ml acetic acid, 1.0 L dH20. 
SOC buffer: 
L-broth, 100 ml; 20% Glucose, 1.8 ml; 1M MgSO4, 1 ml; 1 M M902, 1 ml. 
STET: 
Sucrose, 8%; Triton X-100, 0.5%; 50 mM EDTA (pH 8.0); 50 mM Tris-HCI (pH 
8.0); autoclaved. 
lOx TAE: 
Tris, 48.4g; Acetic acid, 11.4 ml; 0.5 M EDTA (pH 8.0), 20 ml; make up to 1 L with 
dH2O. 
1OxTBE: 
Tris, 108 g; Boric acid, 55g; EDTA, 9.5g; make up to 1 L with dH20. 
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TE: 
Tris, 10 mM; EDTA, 50 mM; pH 8.0. Autoclaved. 
1OxTGS: 
Tris, 30.0g; Glycine, 144.0 g;  SDS, 10.0 g;  make up to 1 L with dH20. 
TThI buffer: 
3 mM potassium acetate; 100 mM RbC1; 50 mM MnCl2.4H20; 10 mM CaC12.2H20; 
15% glycerol; pH to 5.8 with 0.2 M Acetic acid; Sterilise by filtration. 
TThII buffer: 
10 mm MOPS; 10 mM RbC1; 75 mM CaC12.2H20; 15 % glycerol; p1! to 6.8 with 
KOH; Sterilise by filtration. 
Thrombin cleavage buffer: 
2.5 mM CaC12 in wash buffer. 
Wash buffer: 
50 mM Tris-HC1 (pH 7.5) / 150 mlvi NaCl. 
Wash solution: 
40 mM NaP (1 M Na2HPO4, 72 ml; 1 M NaH2PO4, 28 ml; make up 1 M NaP); 1% 
SDS; 1 mM EDTA, pH 8.0; make up to 1 L with dH20. 
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2.1.6 E.coli strains 
NAME GENOTYPE REFERENCE 
NM522 F' laclq zi(lacZ)M15 proAB /supE thi Woodcock, et al. 
Lt(lac-proAB) zi(hsdMS-mcrB)5(rKmK (1989); Gough and 
McrBC) Murray (1983) 
XL-1 BLUE F'::  Tn1OproAB 	laclq zi(lacZ)M15 /recAl Bullock et al. (1987) 
endAl gyrA96(NaP) thi hsdRl 7(rKmK) 
supE44 relAl lac  
2.1.7 Plasmids 
NAME DESCRIPTION REFERENCE 
pGEX4T-2 For inducible, high-level intracellular Smith, D. B. and 
expression of genes or gene fragments as Johnson, K. S. 
fusions with glutathion 5-transferase (GST). (1988) 
pogoR11 XC The Clal-XhoI fragment from pogoRl 1 was Tudor, M. et al (1992) 
subcloned into plasmid pBR322 between the 
Cia! and Sal! sites.  
21.X O1isonuIeotides 
NAME SEQUENCES (5' to 3') COMMENTS 
M0804 ACTGAACTTAAATCCAGC - strand PCR primer from base 
(3'ORF1+5'ORF2)(-) CTTTTTAAAACAATTCTG +1420 to +1510 of pogo 
sequence with a deletion from base 
+1438 to +1496. 
M0805 CAGAATTGTTTTAAAAAG +strand PCR primer from base 
(3ORF1+5'ORF2)(+) GCTGGATTTAAGTTCAGT +1420 to +1510 of pogo 
sequencewith a deletion from base  
+1438 to +1496. 
Oligol (20/2/96) CCGCTCGAGGGCTGTTAT - strand PCR primer from base 
CTGCGATGCAGC +111 to +131 of pogo sequence. 
Oligo2 (20/2/96) CGCGGATCCCAGTATAATT + strand PCR primer from base +1 
CGCTTAGCTGCATCGATA to -i-43 of pogo sequence. 
GTTAGCTGCATCGGC ___ 
Oligol (11/3/96) CGCGGATCCATCGATAGTT + strand PCR primer from base 
AGCTGCATCGGC +22 to +43 of pogo sequence. 
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Oligo2 (11/3/96) CCGCTCGAGCAGCTGATA - strand PCR primer from base 
TGATGCACTTAAG +144 to +160 of pogo sequence. 
Oligol (10/4/96) GCCTCGAGCCTTTAAGCA - strand PCR primer from base 
ATCCTGGC +798 to +815 of pogo sequence. 
Oligo2 (10/4/96) GCCTCGAGGTAGCAGTTT - strand PCR primer from base 
CGCCGTG +739 to +755 of pogo sequence. 
Oligo3 (10/4/96) CGCGGATCCCATTAAGAAT + strand PCR primer from base 
GAAATTATCAGTTCC +1960 to +1984 of pogo 
sequence. 
Oligo4 (10/4/96) CCGCTCGAGTACTTTGCAC - strand PCR primer from base 
AATGCC +2079 to +2 100 of pogo 
sequence. 
Oligo 1 (3/5/96) GCGGGATCCTGGCGCTGG + strand PCR primer from base 
CGCAAGCGCC +697 to +715 of pogo sequence. 
Oligo 2 (3/5/96) GCGGATCCGGTTATAACC + strand PCR primer from base 
CAGAAGAC +814 to +831 of pogo sequence. 
S5046 GCGGATCCGGTAAAACAA + strand PCR primer from base 
(ORF1-5') AGCGTGTCG +343 to +361 of pogo sequence. 
S5047 GCCTCGAGCAATAATAATC - strand PCR primer from base 
(ORF1-3') CCATCTTACC +1437 to +1458 of pogo 
sequence. 
S5048 GCGGATCCGCTGGATTTA + strand PCR primer from base 
(ORF2-5') AGTTCAG + 1493 to + 1509 of pogo 
sequence. 
S5049 GCCTCGAGCTAACTTAAAA - strand PCR primer from base 
(ORF2-3') ATAGTCAG +1881 to +1899 of pogo 
sequence. 
T6393 GCTATAGATACAGTATAAT - strand PCR primer from base 
TCGCTTAGCTGCCTCGAG +2079 to +2121 of pogo 
TACTTTGCACAATGCC sequence. 
T6394 GCGGATCCTACAGTATAAT + strand PCR primer from base +1 
TCGCTTAGCTGCATCGAT to +43 of pogo sequence. 
6395 FT
AGTTAGCTGCATCGGC 
GCCTCGAGCTACTAAGTC - strand PCR primer from base 
 N75) GTGCGCTCC +544 to +562 of pogo sequence. 
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T6396 GCCTCGAGCGTACAAATTT - strand PCR primer from base 
(3' 95 probe) TCTATTCACAC +74 to +95 of pogo sequence. 
T7175 CCGCTCGAGGCCGATGCA - strand PCR primer from base +1 
(5' 43 probe) GCTAACTATCGATGCAGC to +43 of pogo sequence. 
TAAGCGAATTATACTG  
T7880 GCGGATCCAAGATATCTG + strand PCR primer from base 
(5'A43 probe) CATTATTTTTCC +44 to +65 of pogo sequence. 
V5497 TATATGTATATGTATGTATAT - strand PCR primer including 25 
(pogo Ri 1-3') ACTACAG bp pBR322 sequence downstream 
of pogo sequence in pogo RI 1 XC 
and +2119 to +2121 of pogo 
sequence. 
V5498 ATCGACCTGTT'GGCCATATA + strand PCR primer including 25 
(pogo Ri 1-5') GTATACAG bp pBR322 sequence upstream of 
pogo sequence in pogo R  1 XC 
and +1 to +3 of pogo sequence. 
V5734 GCGGATCCGAAGAAGCCT + strand PCR primer from 562 to 
(5'-N78) TATACATTTGG 582 of pogo sequence. 
V6198 GCGGATCCATCGACCTGTTG + strand PCR primer including 21 
(Barn-Ri 1-5') GCCATATAG bp pBR322 sequence upstream of 
pogo sequence in pogo R  1XC. 
V6333 GCCTCGAGGCAGCTAAGC - strand PCR primer from +1 to 
(3' of 5'IR) GAATTATACTG +21 of pogo sequence. 
V7013 CCACAGTCAACGCCATTT + strand PCR primer from base 
[R44 (+)] TACAAAAAAC +458 to +485 of pogo sequence 
for mutating pogo transposase 
R44 from Arginine to Alanine. 
V7014 GTTTTTTGTAAAATGGCG - strand PCR primer from base 
[R44 (-)] TTGACTGTGG +458 to +485 of pogo sequence 
for mutating pogo transposase 
R44 from Arginine to Alanine. 
V7015 GCATTTTACAAGCCACAA + strand PCR primer from base 
[K48 (+)] ATGAAATTC .4-470 to +496 of pogo sequence 
for mutating pogo transposase 
K48 from Lysine to Alanine. 
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V7016 GAATTTCATTTGTGGCTT - strand PCR primer from base 
[K48 (-)] GTAAAATGC +470 to +496 of pogo sequence 
for mutating pogo transposase 
K48 from Lysine to Alanine. 
V7017 CAAATGCGACGCCTCCA + strand PCR primer from base 
[R39 (+)] CAGTC +444 to +465 of pogo sequence 
for mutating pogo transposase 
R39 from Arginine to Alanine. 
V7018 GACTGTGGAGGCGTCGC - strand PCR primer from base 
[R39 (-)] ATTTG +444 to +465 of pogo sequence 
for mutating pogo transposase 
R39 from Arginine to Alanine. 
V7459 CGCTTAGCTGCAAGATAT + strand oligo nucleotides from 
[(22-43)(+)] CTGC +11 to +21 plus +42 to +54 of 
pogo sequence. 
V7460 GCAGATATCTTGCAGCTA - strand oligo nucleotide from +11 
[A(22-43)(-)] AGCG to +21 plus -i-42 to +54 of pogo 
sequence. 
V7461 CGTAGCCGATGCAGCTAA - strand oligo nuclotide from 22 to 
{(22-43)(-)] CTATCGATGGA TCC 43 of pogo sequence. 
V7912 CAAAAAGGAAATTCCCG + strand PCR primer from base 
[C32-P(+)] CCAAGTTCAAATG +420 to +449 of pogo sequence 
for mutating pogo transposase 
C32 from Cysteine to Proline. 
V7913 CATTTGAACTTGGCGGG - strand PCR primer from base 
[C32-P(-)] AATTTCCTTTTTG -i-420 to +449 of pogo sequence 
for mutating pogo transposase 
C32 from Cysteine to Proline. 
V7914 GACAGATCCACACCCAA + strand PCR primer from base 
[V42-P(+)] CCGCATTTTAC +451 to -i-478 of pogo sequence 
for mutating pogo transposase 
V42 from Valine to Proline. 
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V7915 GTAAAATGCGGTTGGGT - strand PCR primer from base 
[V42-P(-)] GTGGATCTGTC +451 to +478 of pogo sequence 
for mutating pogo transposase 
V42 from Valine to Proline. 
V8599 GCGGATCCGGCATTGTGC + strand PCR primer from base 
[3'BS12(+)] +2079 to +2098 of pogo 
AAAGTACTCG sequence. 
V8600 GCGGATCCCAGTATAATTC - strand PCR primer from base 
[3 -BS 12 (-)] GCTTAGCTGC +2101 to 2121 of pogo sequence. 
V8601 GATCCGAATTCGTCGACAG + strand oligo nucleotide 
[BS 14 (+)] TTAGCTGCATCGTCTAGAC containing the 14 bp pogo 
TGCAGC transposase binding site from base 
+28 to +41 of pogo sequence. 
V9045 TCGAGCTGCAGTCTAGACG - strand oligo nucleotide 
[BS 14 (-)] ATGCAGCTAACTGTCGAC containing the 14 bp pogo 
GAATTCG transposase binding site from base 
+28 to +41 of pogo sequence. 
W0914 GGAAATTTGTGCCGCCTT + strand PCR primer from base 
[K34A (+)] CAAATGCGACAG +426 to +455 of pogo sequence 
for mutating pogo transposase 
R34 from Lysine to Alanine. 
W0915 CTGTCGCATTTGAAGGC - strand PCR primer from base 
[K34A (-)] GGCACAAATTTCC -i-426 to +455 of pogo sequence 
for mutating pogo transposase 
R34 from Lysine to Alanine. 
W0916 CGTCAGGTTTAAAAGCCA + strand PCR primer from base 
{R63A (i-)] AGCGTCAAAGAAAAGG +526 to +528 of pogo sequence 
for mutating pogo transposase 
R63 from Arginine to Alanine. 
W0917 CCTTTTCTTTGACGCTT - strand PCR primer from base 
[R63A (-)] jTTTTAAACCTGACG +526 to +528 of pogo sequence 
for mutating pogo transposase 
R63 from Arginine to Alanine. 
pogo sequences are shown in bold letters. 
Restriction site are shown in italic. 
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Extra bases are show in plain. 
Mutated bases are underlined. 
2.2 Methods 
2.2.1 Manipulation of bacteria 
2.2.1.1 Growth of bacterial cultures 
Liquid culture was used to multiply large amounts of bacteria. A single colony 
of E.coli was inoculated using a sterile inoculation loop to L-broth, supplemented with 
100 p.g/ml of ampicillin or other antibiotics when required, and was grown at 37°C 
with vigorous shaking for overnight. Cultures were normally grown in conical flasks 
or universal bottles with a capacity of 5 times of the culture. 
2.2.1.2 Storage of bacterial cultures 
A single colony of E. coli was picked up with a sterile needle and stabbed 
through L-agar in a small glass vial. After overnight growth at 37°C, the stab was 
stored at room temperature. Alternatively, the culture can be stored for longer by 
mixing up fresh overnight bacterial culture with equal volume of glycerol, normally 1 
ml each, and stored in a sterile vial at -70°C. For recovery, the culture was streaked 
out from either stabs or thawed frozen culture onto a L-agar plate, with antibiotic 
when required. 
2.2.1.3 Preparation of competent E.coli cells 
Calcium chloride method 
This method was modified from Mandel and Higa, 1970. 
An overnight bacterial culture was diluted 1 in 20 and grown with vigorous 
shaking at 37°C to a density of -.5x10 7 cells/ml, which corresponds to a 0D550 of 
0.2 for a rec+ strain and 0D550 of 0.5 for a rec- strain. The culture was chilled on ice 
for 5 min and centrifuged at 4000 rpm for 10 min at 4 °C to pellet the cell. The 
supernatant was discarded, the cells were resuspended in half of the original culture 
volume of an ice-cold, sterile solution of 50 mM CaCl2 and 10 m  TrisHCl (pH 
8.0). The cell suspension was placed in ice for 15 min and then centrifuged at 4000 
rpm for 10 min at 4 °C. The supematant was discarded, the cells were resuspended in 
1/15 of the original volume of an ice-cold, sterile solution of 50 mM CaC12 and 10 
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mM TrisHCl (pH 8.0). The cell suspension was dispensed as 0.2 ml aliquots into 
prechilled eppendorfs and stored at 4°C for 12-24 hr. 
For maximum transformation efficiency, it is very important (1) that the 
bacterial culture is in the logarithmic phase and that the cell density is low at the time 
of treatment with calcium chloride; and (2) that the cells are maintained at 4°C for 12-
24 hr. During this period, the efficiency of transformation increases 4 to 6 folds 
(Dagret and Ehrlich 1979). After an additional 24 hr, the efficiency decreases to the 
original level. 
Rubidium chloride method 
This method was modified from Hanahan, D., 1985. 
An overnight bacterial culture was diluted 1 in 20 and grown with vigorous 
shaking at 37°C to a density of 4-7x iø cells/ml, which corresponds to a culture of 
rec- strains at 0D550 of 0.35-0.60. The culture was chilled on ice for 15 min then the 
cells were pelleted by centrifugation at 6000 rpm for 5 min at 4 °C. The supernatant 
was removed thoroughly, the cell pellet was resuspended in 1/3 of the original culture 
volume of TfbI buffer and incubated on ice for 15 mm. The cells were pelleted by 
centrifugation at 6000 rpm for 5 mm, resuspended in 1/12.5 of the original culture 
volume of TfbII buffer and incubated on ice for 15 mm. The cell suspension was 
aliquoted as 0.1 ml each into 1.5 ml eppendorfs and stored at -70 °C. 
2.2.1.4 Transformation 
Heatshock method 
1-10 il of plasmid DNA in ligation buffer or TE buffer was added to 30-100 
p1 of competent cells thawed slowly on ice and incubated on ice for 30 mm. The 
mixture was incubated at 42 °C for 2 min and then back onto ice for 2 mm. 80 p.1 of L-
broth was added into the mixture and incubated at 37 °C for 30-60 mm. The culture 
was spread onto a suitable selective plate and incubate at 37 °C overnight. 
For blue/white selection, 100 p.1100 mM IPTG and 20 p.! 50 mg/nil X-gel 
were added to the culture before it was spread to the plate. 
Electropration method 
This method was modified from Heary & Duncan, 1989. Transformation 
frequency was increased by using it. 
A single colony of E.coli was inoculated onto 10 ml of 2xYT media and grown 
at 37°C overnight with vigorous shaking. The cells were chilled on ice, harvested by 
centrifugation at 4,000 rpm for 10 min at 4 °C. Then the cells were washed 3 times by 
resuspending the pellet in 10 ml of water followed by centrifugation. Finally the cells 
were resuspended in approximate 150 t1 of water. 
2 p.1 of ligated DNA was mixed with 40 p1 of cells in an eppendorf then 
transferred to the bottom of a electroporation cuvette. The BlO-RAD GENE PulserTM 
electroporator machine was set to 25 pF, 2.5 KV and 200 Q. A cuvette was placed in 
the slide and pushed in. The two red buttons were pressed until 'ping' signals 
completed. The cuvette was removed quickly and 1 ml of SOC solution, which had 
been sucked in a Gilson tip, was added into the cuvette immediately and mixed with 
the cells. The mixture was transferred to a small glass bottle and grown at 37 °C for 
20-60 min before plated out on a suitable selecting plate. 
2.2.2 Nucleic acid preparation and manipulation techniques 
2.2.2.1 Small scale preparation of plasmid DNA 
Boiling miniprep 
This method is modified from the boiling method of Holmes and Quigley, 
ivi:ii 
A single plasmid carrying colony was grown overnight at 37 °C in 5 ml of L-
broth containing suitable selective antibiotic. Cells from 1.5 ml of overnight culture 
were pelleted by centrifugation in a table-top microcentrifuge for 2-5 mm. The pellet 
was resuspended in 200 p.! of STET and 20 p1 of lysozyme (10 mg/ml). The 
suspension was boiled at 100 °C for 40 sec then centrifuged for 10 mm. After the soft 
pellet was removed, 200 jil of isopropanol and 20 j.tI of 3M sodium acetate were added 
to the supernatant. The suspension was incubated at -70 °C for 15 min then 
centrifuged for 10 min to precipitate the plasmid DNA. The DNA pellet was washed 
once with ether, dried at room temperature before resuspended in 50 j.tl of TE. 
QIAGEN miniprep 
Small scale of plasmid DNA was prepared from 1-5 ml of E.coli overnight 
culture by using QIAGEN miniprep kit supplied by QIAGEN. Supplier's instructions 
were followed. 
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2.2.2.2 Large scale preparation of plasmid DNA (QIAGEN Midiprep) 
Large scale of plasmid DNA was prepared from 25-100 ml of E.coli overnight 
culture by using QIAGEN midiprep kit supplied by QIAGEN. Supplier's instructions 
were followed. 
2.2.2.3 Quantification of nucleic acid concentration 
The concentration of a DNA sample could be roughly estimated by running the 
sample at the same time with a standard DNA on an agarose gel and comparing the 
intensity of the bends of the two DNA samples. 
More accurately, the concentration of a DNA sample could be measured by 
spectophotometry. Either the Lambda 15 UVIVIS Spectrophotometer (PERKIN 
ELMER) or the Gene Quant (Pharmacia Biotech) was used. Approximately 50 jig/mI 
of double-stranded DNA gives 1 0D260. 
2.2.2.4 Phenol extraction of proteins from DNA 
Distilled phenol was equilibrated to pH 8.0 by repeatedly mixing with an equal 
volume of 1 M TrisHCl (pH8.0). DNA to be extracted was mixed thoroughly with 1 
volume of phenol then centrifuged for 5 mm. The upper aqueous phase containing the 
DNA was removed to a fresh tube. Instead of, or following phenol extraction, DNA 
was extracted with phenol:chlorofonn:isoamylalcohol (25:24:1). The upper aqueous 
phase was then extracted with an equal volume of chloroform:isoamylalcohol (24:1) to 
remove any remaining phenol. After spinning the upper aqueous phase was transferred 
to a fresh tube. 
2.2.2.5 Ethanol precipitation of DNA 
DNA was precipitated from solution by addition of 1/10 volume of 3 M 
Sodium Acetate (pH 5.8) and 2 volume of ethanol. The solution was mixed 
thoroughly and incubated at -20 °C overnight or -70 ,C for 15 mm. DNA was pelleted 
by centrifugation at high speed for 15 mm. After discarding the supernatant, the pellet 
was washed with 70% ethanol and spun again for 2 mm. The supernatant was 
removed and the DNA pellet was dried under vacuum or at room temperature before 
dissolved in TE. 
2.2.2.6 Agarose gel electrophoresis 
Agarose gel electrophoresis was used for identification or separation of DNA 
or DNA fragments following purification or restriction enzyme digestion. DNA 
samples were mixed with 1/6 volume of FDE loading buffer before loading onto 0.7- 
2.0% agarose gel, depending the size of DNA. The gel can be prepared and run in 
either lx TAB or lx TBE buffer. Ethidium bromide stock solution (10 mg/Ml) was 
added to the gel to make a final concentration of 1 j.ig/ml. Electrophoresis was 
performed horizontally at a difference of approximately 10 V/cm. The bands of DNA 
could be visualised under UV illumination and photographed. 
2.2.2.7 Cleavage of DNA with restriction enzymes 
DNA was digested by restriction enzyme in 20-100 t1 of appropriate restriction 
buffer. At least 1 unit of enzyme was used for digesting 1 pg of DNA at 37°C for 1 
hour. To ensure complete digestion, excess amount of enzyme or longer incubation 
period was normally used. 
2.2.2.8 Recovery of DNA from agarose gels 
GENECLEAN 
DNA fragments larger than 200 bp were purified from agarose gel or solution 
by using GENECLEAN H kit supplied by BlO 101 Inc. Supplier's instructions were 
followed. 
13I al TTid 
DNA fragments between 10 bp and 200 bp were purified from agarose gel or 
solution by using MERmaid kit supplied by BlO 101 Inc. Supplier's instructions were 
followed. 
2.2.2.9 Ligation of DNA fragments to vector DNA 
Vector DNA and the DNA fragment to be cloned were digested with the 
appropriate restriction enzyme and purified by ethanol precipitation or 
GENECLEANIMERmaid. The vector and the DNA fragment of 4-8 times molar 
excess were ligated in lx ligation buffer (10 mM TrisHCl pH 7.2, 1mM EDTA, 10 
mM MgCl2, 10 mM DTT, 1 mM ATP) in the presence of 1 unit of T4 DNA ligase. 
This reaction was normally proceeded in a volume of 10 pA at room temperature for 3 
hours or at 16°C for overnight. 
2.2.2.10 Polymerase chain reaction (PCR) 
PCR was used to amplify a specific DNA fragment from a template DNA. 
A pair of primers were designed according to the sequences at the ends of the 
fragment to be amplified. The primers normally have 17-20 bases identical to the 
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template sequence depending on the G+C content of that region. A restriction site can 
be designed into 5' end of the primer for subsequent cloning. 2-3 extra G or C bases 
were normally designed at 5' end of the restriction site to facilitate restriction digestion. 
The 3' end of the primer was normally ended with G or C so that the primer could 
annealed better with the template, therefore facilitate extension of DNA synthesis. 
The PCR reaction was set up in a 0.5 ml Eppendorf by mixing 100 nanogram 
of template DNA with 10 xl of lOx PCR buffer [200 mM Tris-HC1 (pH 8.4), 500 MM 
KC1], 0.2 mM of each dNTP, 1 jiM of each primer, 1.5 mM of MgC12, 0.05% (v/v) 
of W-1, 5 units of Taq polymerase (GIBCO BRL) and distilled water to make up to 
100 jil. 75 p.! of mineral oil was added to the top to prevent evaporation during the 
reaction. 
The PCR program normally started by incubating the tube at 94 °C for 3 min to 
completely denature the template, followed by 25-35 cycles of amplification: 
Denaturation at 94 °C for 45 sec; Annealing at 55 °C for 30 sec; Extension at 72 °C for 
1.5 mm. Finally the tube was incubated at 72 °C for additional 10 min before the 
amplified product being analysed by agarose gel electrophoresis. The program can be 
varied with different reaction depends on the homology of the primer with the template 
and the length of the fragment to be amplified. 
2.2.2.11 DNA sequencing by dideoxynucleotide method 
Double stranded plasmid DNA was sequenced by using SequenaseTM version 
2.0 kit supplied by USB (United States Biochemicals). Supplier's instructions were 
followed with some modification. 
3-5 jig of miniprep DNA was denatured in 0.2 M EDTA, 0.2 M NaOH for 30 
min at 37°C. Standard annealing and termination reaction were modified by addition of 
DMSO to a final concentration of 10% and 7.5% respectively. Annealing reactions 
were performed at 37°C for 30 min before chilling on ice. Labelling reactions were 
performed at room temperature for 5 min and termination reaction at 37 °C for 10 mm. 
Samples were loaded on to a 6% polyacrylamide denaturing gel after the gel 
being pre-run at 42 W to a temperature of approximate 50°C. The gel was run at 38-42 
W to keep the best temperature until the dye reached a proper place. The gel was fixed 
in a solution containing 10% methanol and 10% acetic acid for 15 mm, dried under 
vacuum at 80 °C and autoradiographed at room temperature for overnight. 
2.2.2.12 Southern blotting 
Southern blotting was used to transfer DNA bands from a gel to a 
nitrocellulose membrane after electrophoresis. 
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Two sheets of blotting paper were placed on a support with both ends in a tray 
of 20x SSC. The gel was placed on top of the paper. A nitrocellulose membrane 
(Hybond N, Amersham), the same size of the gel, was placed on top of it, followed 
by two sheets of 2x SSC soaked blotting paper, two sheets of dry blotting paper, a 
stack of paper towels and a weight. The transfer was allowed to proceed overnight 
before the membrane was rinsed in 2x SSC then UV cross linked to bind the DNA to 
the membrane. 
2.2.2.13 Radioactive random primed labelling of DNA 
DNA fragments were radioactive random primed labelled to be used as probes 
in hybridisation experiments. The DNA fragments were labelled with a- 32P-dCTP by 
using T7 QuickprimeTM kit supplied by Pharmacia Biotech. Supplier's instructions 
were followed. 
The labelled DNA was separated from unincorporated DNA by passing 
through the NuctrapTM Push Column (STRATAGENE). Supplier's instructions were 
followed with some modification. The column was first prewetted with 70 p1 of TE, 
then the DNA sample, which was made up to 70 tl with TE was applied. The 
labelled DNA was eluted from the column by 1-2 times wash with 70 pA TE. 
The labelled DNA could also be separated from unincorporated DNA by using 
QlAquick PCR purification kit supplied by QIAGEN. Supplier's instructions were 
followed. 
2.2.2.14 Radioactive end labelling of DNA 
DNA fragments were radioactive end labelled to be used as probes in gel 
retardation experiments. 
The DNA fragment to be labelled was digested with a restriction enzyme to 
create a cohesive end at one end. The 3' end of one of the strand was labelled when the 
cohesive end was filled in with a-32P-dCTP and other dNTPs catalysed by Klenow 
polymerase. 
200 ng of purified DNA was mixed with 3 pA of lOx labelling buffer, 3 p1 of 
20 mM dGTP, dATP and dTTP, 2 p1 of a-32P-dCTP (20 pCi) and 5 units of Klenow 
enzyme, made up to 30 p1 with dH2O. The mixture was incubated at room temperature 
for 30 min before 5 p1 of ice-cold 5 mM dCTP was added. The reaction was allowed 
to continue for another 30 min at the same temperature. 
The labelled DNA was separated from unincorporated DNA by using the 
methods as described in 2.2.2.13. 
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2.2.2.15 Hybridisation 
Nitrocellulose membranes, with bound DNA, were placed in a Techne 
hybridisation cylinder and 10-20 ml of prewarmed hybridisation solution was added. 
The membranes were prehybridised for at least 1 hr at the hybridisation temperature, 
usually 65 °C for Southerns, in Techne hybridisation ovens. 
The probe was denatured before being added to the cylinder. The hybridisation 
was proceeded for overnight. The membranes were washed three times with wash 
solution for 30 min each at a temperature 5 °C lower than hybridisation, before being 
wrapped in Saran wrap and placed in autoradiographic cassettes. 
The radioactive signal was detected on X-ray films laid on top of the 
membrane. The films were stored at -70 °C for an appropriate length of time before 
being developed in an automatic X-ray film processor. 
Probes could be kept in hybridisation solution at room temperature and then 
reused, after boiling for 20 mm, to replace the prehybridisation solution. 
Membranes could be stripped of probe DNA by boiling for 3 min in 0.1% 
SDS, then be reprobed. 
2.2.2.16 Colony hybridisation 
To identify bacteria harbouring recombinant plasmids, colonies were 
transferred to nitrocellulose discs by placing the filters onto the plates for 2 mm. The 
discs were soaked in denaturation buffer for 2 min to lyse the cells and denature the 
DNA, neutralised in neutralisation buffer for 2 mm, washed once with 2x SSC plus 
0.1% SDS for 2 mm, then twice with 2x SSC for 2 min each. The discs were UV 
cross linked before hybridisation was proceeded. 
2.2.2.17 Autoradiography 
Autoradiography was carried out by exposing membrane containing radioactive 
samples to a X-ray film in an autoradiographic cassette for overnight or longer. The 
exposure was carried out at -70 °C for (X-32p  labelled samples such as southern blot 
membranes, and at room temperature for (X-35S  labelled samples such as sequencing 
gels. 
2.2.3 Protein preparation and manipulation techniques 
2.2.3.1 Expression and purification of Glutathione-S-Transfrerase 
fusion proteins 
The chosen DNA fragment was subcloned into the appropriate pGEX vector in 
the correct reading frame, competent E coli cells were transformed, and transformants 
were selected on L-Amp plates after overnight incubation at 37 °C. 
Transformant colonies were picked into 10 ml L-Amp and grown at 37 °C with 
vigorous agitation until 0D550 reached 0.3-0.5. The fusion protein expression was 
induced by adding 1 M IPTG to a final concentration of 0.1- 1.0 mM and continued 
incubation for another 2-5 hr. 
1.5 ml of liquid culture was transferred to an eppendorf and centrifuged to 
pellet the cell. The pellet was resuspended in 300 p.1 of ice-cold PBS. Optionally, 
Triton X-100 was added to a final of 1% to minimise association of fusion protein 
with bacterial protein at the next step. The cells were lysed by using a probe sonicator 
for 10-30 sec. The insoluble material was removed by centrifugation for 5 min at 4°C 
and the supernatant was transferred to a fresh tube. 
50 p1 of 50% slurry of glutathione-agarose beads was added to the supernatant 
and the binding was carried on at 4 °C for 0.5-2 hr. The beads were collected by 
centrifugation for a few seconds and the supernatant was discarded. The beads were 
washed 3 times with 1 ml of PBS. 
To identify the protein, 10 p1 of boiling mix was added to the beads and the 
mixture was boiled at 100 °C for 3 mm. The supernatant was loaded onto a 10-15 % 
SDS-polyacrylamide gel and run at 200 v for the appropriate time. The gel was then 
stained with stain solution and destained by destain solution to visualise the fusion 
protein. 
To harvest the protein, the fusion protein was eluted by using 1 bead volume 
of freshly made 50 mM Tris.HC1 (pH 8.0) containing 5 mM reduced glutathione 
(Sigma) (final pH 7.5) to wash the beads twice and collected the supernatant. The 
eluted protein was also analysed by SDS PAGE. 
2.2.3.2 Cleavage GST tag from GST fusion protein 
The glutathione-agarose beads bearing the fusion protein were washed twice 
with 20 vol of 1% Triton X-100 in lx PBS. The beads were equilibrated by being 
washed once with wash buffer, then once with thrombin cleavage buffer. Finally the 
beads were resuspended in a small volume of thrombin cleavage buffer. Proper 
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amount of thrombin (0.2-1% wt/wt fusion protein) was added to the slurry and the 
mixture was incubated for 1 hr at room temperature. The released protein was 
recovered by washing beads with 1 bed vol of wash buffer and analysed by SDS-
PAGE. 
2.2.3.3 Quantification of protein concentration 
The concentration of a protein sample could be determined by using Coomassie 
Protein Assay Reagent from PIERCE. 
This reagent is based on the absorbence shift from 465 to 595 nm that occurs 
when Coomassie Brilliant Blue G-250 binds to proteins in an acidic solution. Since 
the colour response is non-linear over a wide range of protein concentration, a 
standard curve has to be prepared with each assay. 
A BSA standard series which covered the range of concentration between 1 
and 25 jig/ml was prepared, and each of them was mixed with Coomassie Protein 
Assay Reagent followed by reading the absorbance at 595 nm within 90 mm. All 
assays were performed in duplicate. A standard curve was made by plotting the 
average net absorbance at 595 nm for each dilute BSA. The absorbance of an 
unknown protein sample was determined in the same way, and the concentration was 
determined by using the standard BSA curve. Supplier's instructions was followed. 
2.2.3.4 Gel retardation assay 
0.5-5 jig of protein was incubated with 1 jig of non-specific competitor poly 
dI-dC on ice in binding buffer for 10 mm. 2 ng of DNA probe was added to the 
mixture and the incubation continued for another 20 mm. In competition assay, 10-100 
fold molar excess of unlabelled competitor DNA was added to the reaction at the same 
time as poly dl-dC. 1-2 p.1 of loading buffer was added to each sample before they 
were loaded to a 5% polyacrylamde gel, run at 150 v until the blue dye reached the 
bottom of the gel. The gel was then dried under vacuum and autoradiographed. 
2.2.3.5 Excision assay 
This method was from Vos, et al., 1996, with some modification. 
Excision assay was used to determine the endonuclease activity of a transposase. 100-
200 ng of the supercoiled plasmid DNA containing the transposon with the terminal 
inverted repeats was incubated with 50-100 ng of the transposase in a buffer 
containing 25 mM Tris (pH8.0), 25 mM NaCl, 1 mM DTT, 10% ethylene glycol, 5 
mM MgCl2 (or MnC12), 4 mM spermidine, 0.05% jig/pi of BSA for 15, 30, 45, and 
60 minutes at 30 °C or 37 T. After the reactions, the samples were run in an agarose 
gel and visualised by ethidium bromide staining and southern blotting using the 




OVEREXPRESSION OF POGO TRANSPOSASE IN E. COLI 
3.1 Introduction 
The complete pogo element is 2121 bp long, it has two open reading frames of 
11 55bp  and 417 bp on one strand, which, as indicated by cDNA analysis, are joined 
by RNA splicing to encode a putative pogo transposase (Tudor et al. 1992). 
To test the above prediction, and, if possible, produce relatively large amounts 
of pogo transposase for activity studies, the DNA coding for the pogo transposase was 
amplified by PCR, and cloned into the pGEX4T-2 vector. This should express pogo 
transposase in E. coli fused to the C-terminus of glutathione S-transferase. The 
stability, the solubility of the expressed protein and the factors that affects its solubility 
were investigated. The approach to release the free transposase by protease cleavage of 
GST tag from the fusion protein was also studied in this chapter. 
3.2 Results 
3.2.1 Making pGEX-pogo construct 
3.2.1.1 Design primers 
Four primers (Fig.3.1; primer 1, S5046; primer 2, M0804; primer 3, M0805; 
primer 4, S5049; as described in 2.1.8) were designed to amplify and join the two 
open reading frames coding for pogo transposase by PCR. Primer 1 and 2 were used 
to amplify ORF1 while primer 3 and 4 were used to amplify ORF2. Primer 2 and 3 
were designed according to the sequences at the 3' end of ORF1 and 5' end of ORF2, 
so that the intron in between these two ORFs could be deleted by PCR (Fig. 3.1). A 
BamHI and a XhoI restriction site were designed at the S ends of primer 1 and primer 
4, respectively, for subsequent cloning. Two extra bases were added to the 5' of the 
restriction sites to facilitate restriction digestion. 
3.2.1.2 Amplification and joining pogo ORF1 and ORF2 by PCR 
ORF1 and ORF2 of pogo element were first amplified separately from pogo 
Ri 1XC by PCR. pogoRl 1XC is a recombinant pBR322 plasmid containing the Clal-
XhoI fragment from pogoRl 1, between Clal and Sail sites. The Cial-Xhol fragment 
from pogoRl 1 contains a complete pogo element except for the 21 bp terminal inverted 
repeats at both ends (Tudor, et a!, 1992). Two independent PCRs were conducted by 
using primer 1 and 2 for amplifying ORF 1, primer 3 and 4 for ORF2. These two 
PCR products were checked on an agarose gel before being mixed with equal molar 
and used as templates for the second PCR. The second PCR was conducted by using 
primer 1 and 4 and a mixture of ORF1 and ORF2 from previous PCR as templates 
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Four primers were designed to amplify and join the two ORFs from 
pogoRl 1XC by PCR. Primerl and 2 were used to amplify ORF1 while primer 
3 and 4 for ORF2. Pnmer2 and 3 were designed according to the sequences of 
3' end of ORF1 and 5' end of ORF2, so that the intron in between the two 
ORFs could be deleted by PCR. Firstly, two indepedent PCR reactions were 
conducted to amplify ORF1 and ORF2 seperately. A second PCR was 
conducted by using equimolar amounts of the two first PCR products as the 
template and primer! and 4 as the primers to obtain the joined ORF1-ORF2 
product. 
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(Fig. 3. 1). The final PCR product was purified by GENECLEAN and checked on an 
agarose gel before being used for subsequent cloning. 
3.2.1.3 Cloning pogo ORF1-ORF2 into a pGEX vector 
pGEX4T-2 vector was chosen for inducible, high-level intracellular expression 
of pogo ORF1-ORF2 as a fusion protein to the C-terminus of glutathione S-transferase 
(GST), a 27.6 kD cytoplasmic protein of eukaryotes. The fusion protein can be easily 
purified from bacterial lysates under nondenaturing conditions by affinity 
chromatography using glutathione agarose beads followed by elution in the presence 
of free glutathione. The very mild elution conditions for release of fusion protein from 
the affinity matrix greatly minimise effects on its functional activity. The vector also 
contains a thrombin protease recognition site for cleaving pogo transposase from the 
fusion protein. 
The ORF1-ORF2 and pGEX4T-2 DNA were digested separately with 
restriction enzymes BamHI and XhoI, ethanol precipitated, then ligated with each 
other for three hours at room temperature in the presence of T4 ligase. Competent 
E.coli NM522 cells were then transformed and allowed to grow overnight on selective 
L-Amp plates. The colonies containing the transposase coding sequence were selected 
by colony hybridisation as described in 2.2.2.16. The DNA of the positives was 
prepared and digested with BamUl and XhoI, to identify transformants containing the 
1572 bp ORF1-ORF2 inserts (Fig. 3.2). 
3.2.1.4 Checking the pGEX-pogo constructs by DNA sequencing 
The positive constructs were examined by DNA sequencing of the junction of 
5' end of the ORF1-ORF2 DNA and the pGEX4T-2 vector to confirm that the cloned 
DNA was in the correct reading frame for fusion protein expression. Since there is a 
hairpin structure at the C-terminus of the GST gene near the cloning site, a sequencing 
primer that has homology to the minus strand of the cloned gene was used to sequence 
the DNA at the junction region. 
Fig. 3.3 shows the DNA sequence at the junction region of pogo ORF1-ORF2 
with pGEX4T-2 vector by sequencing the minus strand using primer R39(-), as 
described in 2.1.8. Since the starting codon ATG for the first amino acid methionine 
of pogo transposase was omitted in order that the translation of the fusion protein 
starts from the GST, the three nucleic acid bases GGT encoding the second amino acid 
glycine of pogo transposase was immediately after the BamHI site GGATCC which 
encodes the last two amino acids of GST, indicating that pogo ORF1-ORF2 gene had 
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ORF 1 -ORF2 
Fig. 3.2 Checking pGEX-pogo constructs by restriction digestion 
pGEXpogo constructs were checked by restriction digestion with BamHI 
and XhoI. Two bands corresponding to pGEX(4950 bp) and pogo ORF1-
ORF2 (1572 bp) respectively could be seen when the samples were run in 
a 1% agarose gel and visualised by ethidium bromide staining. 
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Fig. 3.2 Checking pGEX-pogo constructs by restriction digestion 
pGEXpogo constructs were checked by restriction digestion with BamHI 
and Xhol. Two bands corresponding to pGEX(4950 bp) and pogo ORF1-
ORF2 (1572 bp) respectively could be seen when the samples were run in 
a I% agarose gel and visualised by ethidium bromide staining. 
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DNA sequence of the junction region: 
CCAAAATCGGATCTGGTI'CCGCGTGGATCCGGTAAAACAAAGCGTGTCGTFCTA 
pGEX4T-2 sequence 	BamHI site 	pogo ORFI sequence 
Fin. 3.3 DNA seauence of the junction re2ion of yoo ORF1-ORF2 with 
pGEX4T-2 
The pGEXpogo consruct was checked by DNA sequencing. Since the first 
amino acid methionine of pogo transposase was omitted in order that the 
fusion protein was translated from the begining of GST, the codon GGT 
coding for the second amino acid of pogo transposase was immediately after 
the BamHI site GGATCC which codes for the last two amino acids of GST, 
indicating that the DNA was cloned into the correct reading frame for 
expression of pogo transposase as a GST fusion protein. 
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been cloned into the correct reading frame in the chosen vector, so the putative pogo 
transposase could be expressed as a fusion protein with GST. 
3.2.2 Expression and purification of GST-transposase fusion protein 
3.2.2.1 GST-transposase fusion protein was only expressed in pGEX-
pogo transformed E.coli cells 
Competent E.coli NM522 cells were transformed by the positive pGEX-pogo 
construct and 10 ml of overnight culture was grown from a single colony. The culture 
was then diluted 1:20 into fresh media and grown for 1 hr at 37 °C with vigorous 
shaking before protein expression was induced by IPTG for 3-7 hr. The culture was 
then harvested by centrifugation and resuspended in lx PBS. The cells were lysed by 
sonication, and the insoluble fraction of the cell lysate was precipitated by 
centrifugation. The supernatant was removed and allowed to bind with glutathione 
agarose beads for 1 hr. After the binding, the beads were washed three times with lx 
PBS. The soluble GST-transposase fusion protein, which bound to the glutathione 
agarose beads was visualised by SDS PAGE after being boiled off from the beads in 
boiling mix. NM522 cells and pGEX transformed NM522 cells were treated in the 
same way to produce control extracts. 
Fig. 3.4 shows that GST-transposase fusion protein, which is 85.24 kD in 
size, was only present in pGEX-pogo transformed E.coli cells. It was specifically 
encoded by pGEX-pogo, as it was not present in either E.coli cells themselves or 
pGEX transformed E.coli cells. 
3.2.2.2 The stability of GST-transposase fusion protein 
Some of the fusion protein expressed in E.coli, especially eukaryotic proteins, 
are unstable and are degraded by proteases produced by E.coli cells. This was the case 
with the pogo GST-transposase fusion protein. 
Fig 3.5 shows the protein expressed in pGEX-pogo transformed E.coli 
NM522 cells. Normally, two protein bands were seen. The larger one corresponded to 
the 85.2 kD GST-transposase fusion protein, while the smaller one represented the 
27.6 kD GST. This could because the transposase part of some fusion protein did not 
fold properly therefore could be degraded by E.coli protease. In some cases only GST 
was visible because of a complete degradation of the transposase part. The DNA 
constructs were still positive for the latter cases as shown by restriction digestion. 
Moreover, the constructs show the same expression pattern even when different E. 













Fig. 3.4 Expression of GST-transposase fusion protein 
The soluble proteins from NM522 cells, pGEX transformed NM522 cells and 
pGEXpogo transformeed NM522 cells were purified by using glutathion 
agarose beads, then run in a SDS PAGE. NM522 cells gave no bands; pGEX 
transformed NM522 cells gave one band corresponding to GST protein; 
pGEXpogo transformed NM522 cells gave two bands corresponding to GST-
transposase fusion protein and GST respectively. 
SDS6: SDS6 molecular weight marker. 
NM522: proteins from E. coli NM522 cells. 
pGEX: proteins from pGEX transformed E. coli cells. 
pGEXpogo No.2: proteins from pGEXpogo No.2 transformed E. coli cells. 
pGEXpogo No.4: proteins from pGEXpogo No.4 transformed E. coli cells. 
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Fig. 3.5 GST-transposase fusion protein expressions of different pGEX-
pogo constructs 
Different positive pGEXpogo constructs (No. 1-4) were checked for their GST-
transposase expression by SDS PAGE. For constructs No.1 and No.3, only one 
band corresponding to GST could be seen; for constructs No.2 and No.4, two 
bands corresponding to GST-transposase fusion protein and GST respectively 
could be seen. 
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3.2.2.3 GST-transposase fusion is a partially soluble protein 
Many proteins overexpressed in E.coli are insoluble or partially soluble. Since 
there was only a small amount of pogo GST-transposase fusion protein detected in the 
soluble fraction, the insoluble fraction, which was precipitated in the pellet after 
centrifugation of the cell lysate, was examined by boiling the insoluble pellet in boiling 
mix and visualised by SDS PAGE. 
Fig. 3.6 shows the soluble pogo GST-transposase fusion protein which was in 
the supernatant and purified by binding with glutathione agarose beads, and the 
insoluble GST-transposase protein which was precipitated in the pellet after 
centrifugation. A strong band representing the 85.24 kD GST-transposase fusion 
protein was visualised in the insoluble fraction of the cell lysate, indicating some of the 
GST-transposase fusion protein was insoluble. Comparison of the amount of GST-
transposase fusion protein in the soluble and insoluble fractions show that 
approximately 3/4 of the expressed protein was insoluble while only 1/4 of it was 
soluble. 
3.2.2.4 Effects of temperature, IPTG concentration, length of induction 
time and presence of Triton-100 on the solubility of GST-transposase 
fusion protein 
In order to increase the proportion of soluble GST-transposase fusion protein 
that could be used for activity studies, several factors which might effect the solubility 
of the protein were considered. The effects of temperature, IPTG concentration, length 
of induction time and presence of Triton- 100 on the solubility of GST-transposase 
fusion protein were investigated. 
Fig. 3.7 shows the overexpressed soluble GST-transposase fusion protein 
from the same wet weight of E.coli cells under various conditions. The cells produced 
approximately three times more soluble protein when the protein expression was 
induced at 30 °C than at 37 °C; changing the IPTG concentration from 0.1 MM to 1.0 
mM had little effect on the amount of soluble protein. As the induction time changed 
from 3 to 5 hours, the soluble protein obtained from the same amount of cells 
decreased a bit, however the yield of soluble protein per unit volume of culture 
increased due to the increased cell density. 
Fig. 3.8 shows the soluble protein obtained in and without the presence of 1% 
Triton-100 in the cell lysate. There was more soluble protein obtained in the presence 











Fig. 3.6 Soluble and insoluble GST-transposase fusion protein expressed 
in E.coli 
The soluble and insoluble GST-transposase fusion proteins from the same 
amount of E.coli cell were checked by SDS PAGE. Approximately 1/4 of the 
protein is soluble while 3/4 of it is insoluble. 
2: GST-transposase fusion protein from pGEXpogo No.2 transformed NM522 
cells. 
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Fig. 3.7 Soluble GST-transposase fusion protein expression under various 
induction conditions 
The soluble GST-transposase fusion protein from same wet weight of pG 
EXpogo transformed NM522 cells induced under different temperature (30°C 
and 37 °C), induction time (3 hr, 5 hr and 7 hr) and IPTG concentration (0.1 
mM, 0.5 mM and 1.0 mM) were run in a SDS PAGE and visualised by 
coomassie staining, so that the relative amount of each sample could be seen 
and compared with the others. 
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Fig. 38 Soluble GST-transnosase fusion protein obtained without and 
with the presence of Triton-100 
The soluble GST-transposase fusion protein obtained from the same wet 
weight of pGEXpogo transformed E.coli cells in the presence and absence of 
1% Triton-100 were run in a SDS PAGE and visualised by coomassie 
staining, so that the relative amount of each sample could be seen and 
compared with the others. 
2: soluble GST-pogo protein from pGEXpogo No.2 transformed E.coli 
NM522 cells. 
4: soluble GST-pogo protein from pGEXpogo No.4 transformed E.coli 
NM522 cells. 
3.2.3 Cleavage of GST tag from GST-transposase fusion protein 
GST, as a tag of the expressed protein, greatly facilitates the expression and 
purification of the fusion protein. But GST itself, as a 27.6 kD protein at the N-
terminus of the expressed protein, might affect the conformation and/or the activity of 
the protein. So it is probably ideal to remove the GST tag from the fusion protein in 
some studies. The thrombin cleavage site, which is very close to the N-terminus of the 
expressed protein in a pGEX4T vector, makes it possible to remove the GST tag by 
site specific protease digestion. 
The GST-transposase fusion protein from the cell lysate was bound to 
glutathione agarose beads and then cleaved by digestion with thrombin. The released 
transposase protein could be easily separated from the GST and the un-cleaved fusion 
protein, which was still bound with the affinity matrix. 
Fig 3.9 shows the transposase as a GST fusion protein when it was eluted 
from the agarose beads by solution containing reduced glutathione, and as a free 
protein when it was cleaved by thrombin from the GST tag. 
3.3 Discussion 
The E. coli system was used for expression of pogo transposase in this thesis, 
because the techniques necessary are relatively simple, and the time need is short. Also 
it is cheap to grow and can get relatively large amount of expression. Although the 
overexpressed protein was only partially soluble, sufficient GST-transposase was 
produced to provide enough protein for the studies. 
Good expression of a protein encoded by a foreign gene in E. coli can be 
obtained by making fusions of the cloned gene to a highly expressed carrier protein 
which provides the necessary signal for good expression. The carrier sequence can 
also code for an entire protein which can be exploited in purifying the protein. GST 
fusion is one of the examples. By taking the advantage of using the GST carrier, pogo 
transposase has been expressed as a GST fusion protein in this thesis, and a 
reasonable amount of the GST-transposase fusion protein was produced. The soluble 
fraction of the protein was purified from lysed cells under nondenaturing conditions by 
absorption with glutathione-agarose beads, followed by elution in the presence of free 
glutathione. 
Many proteins form insoluble inclusion bodies when expressed at high level in 
E. coli (Schein, 1989). Several factors, such as temperature, expression level, the 
genotype of E.coli strains and the carrier protein, are supposed to affect the solubility 
of expressed fusion proteins (Bishai et al., 1987; Schein, 1989; P. Riggs, 1991). For 
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Fig. 3.9 Cleavage of pogo transposase from GST-transposase fusion 
protein 
The GST-transposase fusion protein from cell lysate was purified by binding 
to glutathion agarose beads and then eluted by solutions containing reduced 
glutathion, or cleaved by digestion with thrombin. The samples before and 
after thrombin cleavage were run in an SDS PAGE and visualised by 
coomassie staining. 
to 30°C did increase the amount of soluble protein formation. When the E.coli cell was 
changed from NM522 to BL21 DE3 plyS, there was little affect on the amount of 
soluble protein produced (data not shown). Different vectors were tried by cloning the 
transposase gene into a pRSET vector to express the pogo transposase as a fusion with 
a six histidine tag, but little expression of the protein was obtained (data not shown); 
however, when pGEX4T-2 vector was used, a large amount of GST-transposase 
fusion protein was expressed. Another way to alter the solubility of the expressed 
protein is the addition of mild detergent after cell lysis. The detergent is thought to 
decrease the interaction of expressed protein with E.coli proteins and prevent its 
precipitation with insoluble E.coli proteins. This increases the yield of the soluble 
protein. 1% Triton was used in this thesis and the solubility of GST-transposase 
fusion protein did obviously increase. 
Foreign proteins, especially eukaryotic proteins, are often unstable when they 
are expressed in E. coli. The carrier protein can sometimes stabilise an expression 
fusion protein (Lee et al., 1984). Sometimes the expressed protein is degraded but the 
carrier protein is not. Moreover, fusion proteins are sometimes cleaved in vivo at the 
fusion joint between the carrier and the expressed portion of the fusion. These facts 
about fusion proteins are consistent with a model in which the carrier and the rest of 
the protein form independent domains. According to this theory, the carrier domain 
may fold correctly while the expressed protein does not and is degraded. There may 
also be cases where both domains fold correctly but the joint region between them is 
sensitive to one or more E. coli proteases. For the GST-transposase fusion protein in 
this thesis, this model can explain why free GST was seen by SDS PAGE in addition 
to the GST-transposase fusion protein, and why only GST was visible in some 
samples. This is probably because the pogo transposase domain of some fusion 
protein didn't fold properly therefore had been partially or completely degraded by 
some proteases from E.coli, only the properly folded GST domain was purified by 
binding with glutathione agarose beads and seen by SDS PAGE. 
When fusion proteins produced in E. coli are used in activity studies, it is 
frequently desirable and sometimes necessary to separate the carrier domain from the 
expressed proteins. For foreign DNA expressed in pGEX2T or pGEX4T, the carrier 
protein and the protein of interest can be seperated by site-specific protease cleavage of 
the amino acid sequence between the GST carrier and the foreign polypeptide by 
thrombin (Gearing, et al., 1989). Two alternatives are available for cleavage of fusion 
proteins: to conduct the cleavage reaction on the pure fusion protein solution (Smith 
and John, 1988) or to cleave the foreign polypeptide from GST while it is still bound 
to glutathione-agarose beads (Garing et al., 1989). The second procedure is faster and 
faster and more efficient, and has been used for cleavage the GST carrier from GST-
transposase fusion protein in this thesis. 
Chapter 4 




It is transposases that are encoded by transposable elements themselves that are 
responsible for the replicative spread of transposable elements within and some times 
between large genomes. As an initial step of the transposition process, a transposase 
must first recognise and interact site-specifically with the ends of the element to form a 
highly organised transposition complex. The transposase can then catalyse the 
endonuclease cleavage and strand transfer reactions that follow. Specific DNA binding 
ability is therefore an essential character of every transposase. 
The experiments described in this chapter were designed to determine whether 
pogo transposase made in E. coli has the DNA binding activity expected of the native 
enzyme. The DNA binding activity of a protein can be determined by a gel retardation 
assay. In this assay, DNA is radioactively labelled, so that its movement in a gel can 
be easily followed by autoradiography. When a protein binds to the DNA, the DNA-
protein complex usually moves more slowly in a non-denaturing polyacrylamide gel, 
resulting in a retarded band compared to that of free DNA probe. The specificity of the 
DNA-protein binding can be demonstrated by a competition experiment. In this 
experiment, increasing amounts of unlabelled specific or non-specific competitors are 
added to the binding reaction to compete with the radioactively labelled probe for 
binding with the protein. The specific competitor is usually the unlabelled probe DNA, 
while the non-specific competitor can be any DNA of different sequence to the probe, 
but of similar size. Non-specific DNA-protein binding can be easily titrated away by 
the addition of non-specific competitor, while the specific binding can't. The latter can 
only be competed away by a specific competitor since the specific competitor has much 
higher affinity to the protein than the non-specific competitors. 
Transposases are usually thought to bind specifically with similar sequences at 
both end of the element. The inverted repeats, which are symmetrically located at both 
ends of the element, are more likely to be the candidates for this job. This has been 
show to be the cases for Tcl and Tc3 elements (Vos et al., 1993; Colloms et al., 
1994). The transposases of these elements bind specifically to DNA sequences within 
their inverted repeats. However it's not true for P and Ac elements, their transposases 
have been show to bind specifically to the subterminal sequences of these elements 
(Kaufman et al., 1989; Kunze & Starlinger, 1989). For the pogo element, as it was 
not clear which was going to be the case at this stage, a 131 bp sequence from 5' end 
of the element, which including the 21 bp inverted repeat and the 110 bp subterminal 
sequence, was used as the probe in the experiments described in this chapter in order 
to cover all the possibilities. The results of these experiments show that pogo 
transposase binds to sequences in this region in a sequence-specific manner. 
4.2 Results 
4.2.1 GST-transposase fusion protein is responsible for binding to the 
transposon end sequence 
GST-transposase fusion protein overexpressed in pGEX-pogo transformed 
E.coli cells was purified by binding to glutathione agarose beads and then eluted from 
the beads with reduced glutathione. The purified protein was allowed to bind to the 
radioactively labelled DNA probe, in the presence of non-specific competitor poly dl-
dC. The samples were then run in a non-denaturing polyacrylamid gel, and the 
mobility of the labelled DNA was visualised by autoradiography. Protein from 
untransformed E.coli cells and cells transformed with pGEX were treated in the same 
way, and the results were compared. 
Fig. 4.1 shows that the DNA probe only bound to the GST-transposase fusion 
protein purified from pGEX-pogo transformed E.coli cells. It didn't bind to either the 
proteins from E.coli cells or GST protein from pGEX transformed E. coli cells. This 
suggests that GST-transposase fusion protein is responsible for the specific binding to 
the transposon end sequence. 
4.2.2 The binding of GST-transposase fusion protein to the transposon 
end is specific binding 
A competition experiment was conducted to further investigate the sequence 
specific DNA binding activity of GST-transposase fusion protein. Unlabelled probe 
DNA was used as specific competitor, while the first 190 bp DNA sequence of 
mariner element, which is of different sequence to that of pogo, was used as non-
specific competitor (Fig. 4.2). The binding reactions of GST-transposase fusion 
protein with the labelled probe were carried out in the presence of poly dl-dC plus 
either specific or non-specific competitors, and the results were compared. 
Fig. 4.2 shows that the DNA-protein complex of the probe with GST-
transposase fusion protein could be titrated away by a 100 fold molar excess of 
specific competitor, but not by the same molar excess of non-specific competitor. This 
indicates that GST-transposase fusion protein has much higher affinity for the 5' end 
of the pogo transposon than for other DNA sequences. 
4.2.3 Free pogo transposase can bind specifically to the transposon end 
sequence 
To further test that the specific DNA binding activity of GST-transposase 
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Fig. 4.1 Specific binding of GST-transposase fusion protein to the 
transposon end sequence 
Probe: the first 131 bp DNA fragment of pogo element was end labelled and 
used as probe. 
NM522: protein from E.coli NM522 cells (- 0.02 g wet weight). 
pGEX: GST protein from pGEX transformed E.coli cells (-0.02g wet weight). 
pGEX-pogo: GST-transposase fusion protein from pGEX-pogo transformed E. 
coli cells (0.02, 0.01, and 0.005 g wet weight respectively). 
1 ng of probe DNA was used per reaction. 
1 j.tg of poly dl-dC was used per reaction as non-specific competitor. 
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mariner 1-190 sequence 
CCAGGTGTAC AAGTAGGGAA TGTCGGTFCG AACATATAGA 
TGTCTCGCAA ACGTAAATAT TFATCGATFG TCATAAAACT TTGACCTJ'GT 
GAAGTGTCAA CCTI'GACTGT CGAACCACCA TAGTITGGCG CGAATFGAGC 
GTCATAATFG 1TFACTCTCA GTGCAGTCAA CATGTCGAGT TFCGTGCCGA 
pogo 1-131 sequence 
CAGTATAATI CGCTFAGCTG CATCGATAGT TAGCTGCATC GGCAAGATA 
CTGCATI'AlT TVFCCAITIT TTTGTGTGAA TAGAAAA117 GTACGAAAA 
TCATACG117 GCTGCATCGC AGATAACAGC C 
Fig. 4.2 Binding of GST-transposase fusion protein to the transposon end 
sequence competed by specific and non-specific competitors 
probe: 1-131 of pogo sequence 
control: neither pogo 131 nor mariner 190 was added as competitor 
pogo l3l: 10-100 fold molar excess of pogo 1-131 was added as specific 
competitor 
mariner 190: 10-100 fold molar excess of mariner 1-190 was added as non-
specific competitor 
1 ng of probe DNA was used per reaction. 
1 pg of poly dI-dC was used per reaction as non-specific competitor. 
-3 p.g of protein per binding reaction. 
the DNA binding activity of the free transposase was studied. Free pogo transposase, 
which was obtained by thrombin cleavage of the transposase from GST-transposase 
fusion protein, was allowed to bind to the DNA probe in gel retardation assay, in the 
presence of non-specific competitor poly dl-dC, and the result was compared with that 
of GST-transposase fusion protein. 
Fig. 4.3 shows that free pogo transposase could bind specifically to the probe, 
and form a characteristic complex when run in a polyacrylamide gel. The DNA-protein 
complex formed by the free protein moves faster than that of the fusion protein due to 
the smaller size of the free protein. Furthermore, Fig. 4.1 shows that the GST itself 
has no specific binding ability with the same DNA probe. These results demonstrate 
that pogo transposase, rather than the GST tag, was responsible for the specific 
binding of the fusion protein to the pogo end sequence. 
4.3 Discussion 
The interaction of a protein with a specific DNA sequence is best analysed in 
the presence of non-specific competitor DNA. This competitor should not contain any 
copies of the specific binding site for the protein. A non-specific DNA of known 
sequence or unnatural polynucleotides with simple repeat sequences such as poly d(I-
C) are normally used. On addition of relatively large amount of non-specific 
competitor DNA, all non-specific complexes with the labelled DNA should be titrated 
away. Any complexes that remain represent the specific DNA-protein association. This 
can be confirmed by the disappearance of the complex when titrated with unlabelled 
substrate DNA, the specific competitor. In gel retardation assays in this thesis, 1.0 pg 
of poly d(I-C) was used as non-specific competitor in each reaction. In the competition 
experiment in this chapter, an additional 100 fold molar excess of the first 190 bp 
sequence from mariner element was used as non-specific competitor, but still failed to 
compete away the DNA-protein complex. The complex could only be competed away 
by the same molar excess of unlabelled probe DNA. This suggests that the interaction 
of pogo transposase with the transposon end sequence is a specific reaction. 
It was a concern that the GST, as a 27.6 kD tag at the N-terminus of pogo 
transposase, might interfere with the activities of the transposase. However, results 
from this chapter show that the GST-transposase fusion protein can bind specifically 
to the transposon end sequence; This binding is due to the transposase, rather than the 
GST tag or other proteins, and the UST-transposase fusion protein can interact as well 
with the transposon end sequence as the free transposase does. These data suggest that 
the GST tag and the transposase form two independent domains within the fusion 
protein. The GST domain might have little effect on the transposase domain, or at least 
all 
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Fig. 4.3 Specific bindings of GST-transposase fusion protein and free 
transposa.se to the transposon end sequence 
probe: 1-131 of pogo sequence 
GST-transposase: GST-transposase fusion protein (-3 & 0.5 pg) 
free transposase: transposase protein without GST tag ( -same molar as fusion 
protein 
1 ng of probe DNA was used per reaction. 
1 pg of poly dI-dC was used per reaction as non-specific competitor. 
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on the DNA binding motif of the transposase, so the transposase domain can still 
interact specifically with the transposon end sequence. Furthermore, these results also 
suggest that it is possible to use the GST-transposase fusion protein to study the DNA 
binding activities of the transposase. 
Chapter 5 




As an initial step of transposition, the transposase has to recognise and bind to 
both ends of the transposon to form a synaptic transposition complex, before it 
catalyses the subsequent endonuclease cleavage and strand transfer reactions. The 
experiments described in chapter 4 show that pogo transposase can bind sequence 
specifically to the first 131 bp sequence at the S end of the element. The experiments 
in this chapter were designed to investigate these further to determine the shortest DNA 
sequence (transposase binding site) that is involved in the specific interaction with the 
transposase, and also whether the transposase interacts similarly with both ends of 
Pogo. 
5.2 Results 
5.2.1 Mapping transposase binding sequence at the 5' end of pogo 
element 
To isolate the transposase binding sequence at the 5' end of pogo element, 
three groups of terminally deleted DNAs were made from the 131 bp probe used in 
chapter 4, which contains the 21 bp terminal inverted repeat and 110 bp subterminal 
sequence from 5' end of pogo. Each of these deleted DNAs was used as a probe and 
its ability to bind to the transposase was tested in gel retardation assay. A 22 bp 
sequence was finally isolated and shown to be responsible for the specific binding to 
the transposase (Fig. 5.1). 
The first group of probes was made by deleting the 131 probe from 3' end to 
95 bp then to 43 bp, to test whether the DNA sequence near the 5' end is involved in 
the specific binding to the transposase. Fig. 5.2 shows that both the 95 bp and 43 bp 
probes could bind specifically to the transposase. These indicate that the remaining 
DNA sequence 1-43 contains the transposase binding site. The transposase bound less 
efficiently to the 43 bp probe than to the 95 bp probe, probably because the 
transposase binding site is too close to one of the ends of the 43 bp probe, there is no 
sufficient sequences for holding the transposase properly. 
The second group of probes was made by deleting the 131 probe from the 5' 
end by the first 21 bp and 42 bp sequence respectively, to test whether the 21 bp 
inverted repeat or the 22-43 sequence is responsible for the binding to the transposase. 
Fig. 5.3 shows that when the 21 bp inverted repeat was deleted from the 5' end of the 
131 bp probe which was extended from the 3' end until 160 bp, the probe could bind 
to the transposase; when the first 42 bp of the 131 probe was deleted, the probe failed 
to bind to the transposase. These data indicate that nucleotide sequence 22-43, rather 
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5.1 MaDDin2 DOO transuosase binding site by deletions 
Three groups of teminally deleted probe DNA were made and tested for their 
ability to bind with the transposase. 
The first group was deleted from the 3' of the 131 probe. The second group 
was deleted from the 5' of the 131 probe. The third group was first extended 
the 131 probe to the left hand side for 25 bp, then deleted from the 3' end. A 
final probe was made by deleting the transposase binding sequence 22-43 
identified by the above deletions, to test the transposase binding ability of the 
flanking DNA. 
95 bp probe 	43 bp probe 
95 bp probe-protein 
complex 
43 bp probe-protein 
complex 
95 bp probe 
43 bp probe 
Fig. 5.2 The specific binding of pogo transposase to the 95 bp and 43 bp 
probe 
The first 131 bp sequence of pogo element was deleted from the 3' end to 95 
bp, and then to 43 bp. The transposase binding activities of these deleted 
probes were tested by gel retardation assay. 
95 bp probe: 1-95 bp of pogo sequence. 
43 bp probe: 1-43 bp of pogo sequence. 
0, 5, 10 and 15 p.1 of pogo transposase N75 (— 0.2 jig/p.!) were used for 
binding with each probe. 
—1 ng of probe DNA was used for each reaction. 





Fig. 5.3 Specific binding of pogo transposase to the 22-160 and 43-131 
probes 
The first 21 bp inverted repeat sequence and the first 43 bp sequence were 
deleted from the 5' end of 160 bp and 131 bp probes respectively. The deleted 
probes were tested for their abilities to bind to the transposase by gel 
retardation assay. 
22-160 probe: 22-160 bp of pogo sequence. 
43-131 probe: 43-131 bp of pogo sequence. 
0, 5 and 15 p.! of pogo transposase N75 (— 0.2 p.g/p.l) were used for binding to 
each probe. 
- I ng of probe DNA was used for each reaction. 
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than the 21 bp terminal inverted repeat, contains the transposase binding site, which is 
involved in the specific binding to the transposase. 
The third group of probes was made by extending the 131 probe to the left 
hand side for 25 bp, then deleting from the 3' end of the probe to 95 bp, 43 bp, and 21 
bp respectively. The 25 bp left hand extension was made in order to provide more 
holding sequences for the transposase, in case the transposase binding site is too close 
to the 5' end of the probe. Fig. 5.4 shows that with the additional 25 bp extension to 
the left hand side from the 5' end, the first 95 bp and the first 43 bp probes could bind 
to the transposase, while the first 21 bp probe, which is the terminal inverted repeat of 
the element, could not bind to the transposase. These results further indicate that the 
transposase binding site is located within nucleotide sequence 22-43, rather than the 
first 21 bp inverted repeat sequence. The transposase binds less efficiently to the 43 bp 
probe than to the 95 bp probe even though there are 25 bp additional sequence at the 5' 
end, suggesting the transposase binding site might be located near the Tend of the 43 
bp probe. 
A final probe was made by deleting the sequence 22-43 bp which was shown 
to be the transposase binding sequence from the previous deletions, to test the 
transposase binding ability of the flanking DNA sequence (Fig. 5.1). 
Fig. 5.5 shows that when the DNA sequence 22-43 was removed from the 95 
bp probe having the 25 bp left hand extension, the probe made from the remaining 
flanking sequence failed to bind to the transposase. This further indicates that the 22-
43 sequence, rather than the flanking DNA, is involved in the specific binding to pogo 
transposase. 
5.2.2 The transposase binding region at the 3' end of pogo element 
A transposase is supposed to bind to both ends of the element. The transposase 
binding site at the 5 end of the pogo element has been shown to be located within the 
first 22-43 bp sequence, rather than the 21 bp terminal inverted repeat. Since the 
inverted repeat sequences are the same at both ends of the element, the transposase is 
likely to bind to a subterminal sequence at the 3' end of the element. To test this, a 
DNA fragment from nucleotide 1960-2100 (3'no-IR), which is the sequence 
immediately inside the 21 bp inverted repeat at the 3' end of the element, was used as 
probe. The transposase binding activity of this probe was analysed and compared with 
that of the 5' subterminal sequence 22-160 (S'no-IR). 
Fig. 5.6 shows that the 3'no-IR probe could bind specifically to the 
transposase. This indicates that the subterminal sequence 1960-2100 at the 3' end of 
pogo element contains the specific transposase binding site. 
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Fig. 5.4 Specific binding of po go transposase to the (-25)-95 (-25)-43 and 
(-25)-21 probes 
The first 131 bp sequence of pogo was extended from 5' end for 25 bp, then 
deleted from 3' end to 95 bp, 43 bp and 21 bp. The transposase binding 
activities of these deleted probes were tested by gel retardation assay. 
(-25)-95 probe: pogo 1-95 sequence with additional 25 bp to the left hand side. 
(-25)-43 probe: pogo 1-43 sequence with additional 25 bp to the lelt hand side. 
(-25)-21 probe: pogo 1-21 sequence with additional 25 bp to the left hand side. 
0, 1, 6 and 10 .tl of pogo transposase N75 (0.2 j.tg/.tl) were used for binding to 
each probe. 
1 ng of probe DNA was used for each reaction. 





Fig. 5.5 The specific binding of pogo transposase to the 95 probe and the 
22-43 internally deleted 95 probe 
The DNA sequence 22-43 was deleted from the first 95 bp of pogo 
sequence with 25 bp left hand extension. The transposase binding activities 
of this deleted probe was analysed by gel retardation assay, and compared 
with that of the 95 bp probe. 
95 bp probe: 1-95 bp of pogo sequence. 
95A(22-43) probe: 1-95 of pogo sequence, with extended 25 bp to the left 
handside, and deleted from 22-43 sequence. 
0, 1 and 6 .t1 of pogo transposase N75 (-0.2 .tg/pJ) were used for binding to 
each probe. 
-1 ng of probe DNA was used for each reaction. 
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Fig. 5.6 The specific binding of pogo transposase to the 5' and 3' non-IR 
probes 
The transposase binding activities of the 5' non-JR and 3' non-JR probes, 
which are the subterminal sequences from both ends of pogo without the 
inverted repeats, were analysed by gel retardation assay. 
5' non-IR: 22-160 of pogo sequence, i.e., 5' end sequence without the inverted 
repeat. 
3' non-IR: 1960-2 100 of pogo sequence, i.e., 3' end sequence without the 
inverted repeat. 
0, 5, and 15 p.1 of pogo transposase N75 (0.2 p.g/p.l) were used for binding to 
each probe. 
1 ng of probe DNA was used for each reaction. 
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5.2.3 Computer search for transposase binding sites at both ends of 
pogo element 
The DNA sequence 21-43, which was isolated from 5' end of pogo element 
and had been shown to contain the transposase binding site, was used as a quarry to 
search for sequences at both ends of the element, to see whether there are similar 
sequences at the 3' end, and whether there is more than one binding site at both ends 
of the element. 
Fig. 5.7 shows that the computer search revealed a 14 bp and a 12 bp DNA 
sequences at each end of the element. Their sequences are highly conserved. L14 and 
L12 are identical over 12 bp sequence; L14 and R14 are identical over 14 bp except 1 
bp; L12 and R12 are identical over 12 bp except 1 bp; and R14 and R12 are identical 
except 2 bp. So these 12-14 bp highly conserved sequences 
(AG)TTAG/CCTGCA/CTCG are very likely to be the transposase binding sites. 
Further computer searches were conducted by using the L14 sequence as a 
quarry to search for the rest sequence of the element. More similar sequences were 
identified within sequences near the ends and also in the middle of the element. 
Fig. 5.8a shows the locations of these sequences in the pogo element. They 
can be classified into four groups according to their positions: The 5' group, which 
includes the 14-25, 28-41 and 45-56 sequences; The 3' group, which includes the 
2097-2108, 2064-2077 and 2047-2058 sequences; The 5' subterminal group, which 
includes the 107-119 and 193-202 sequences; and the middle position group, which 
includes the 1604-1614, 1302-1311 and 1155-1165 sequences. 
Fig. 5.8b shows the changed bases, length of the sequences, and their percent 
of identity with the L14 sequence. Only those having significant identity with L14 
sequence over 10 bp or longer sequences were lined out. Compared with L14 
sequence, all the other sequences are subject to different terminal deletions or single 
nucleotide substitutions. However, only three nucleotides TGC from DNA sequence 
8-10 of the L14 sequence remain unchanged. Whether these sequences are all involved 
in the specific binding with the transposase, and whether the three conserved nucleic 
acids play an crucial role in the transposase binding activity of the sequences remain to 
be further investigated. 
5.2.4 The transposase binding ability of the isolated binding sites 
To further test whether each of the these 14 bp and 12 bp binding sites itself is 
responsible for the specific binding to the transposase, two probes were made to 
include only one binding site in each. Probe 14 BS was made from a 43 bp sequence 
containing the 14 bp binding site flanked by polylinker DNA. Probe R12 was made by 
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5.7 The transposase binding sites of po go element 
DNA sequence 22-43 isolated from deletion studies was used as a quarry to 
search for similar sequences at both ends of the element. A 12bp and a 14 bp 
sequences were found at both ends . Their sequences are highly conserved, and 
very likely to be the transposase binding sites. 
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Fig. 5.8a Locations of the transposase binding sites of pogo elements 
The highly conserved 14 bp sequence from the left hand side of pogo element was used as a quarry in computer search for the 
rest sequence of the element. Similar sequences were found at both ends and in the middle of pogo sequence. These sequences 
can he classified into four groups according to their positions: The 5 group, which includes the 14-25, 28-41 and 45-46 
sequences; The 3' group, which includes the 2097-2108, 2064-2077 and 2047-2058 sequences; The 5' subterminal group, 
which includes the 107-119 and 193-202 sequences; and the middle position group, which includes the 1604-1614, 1302-1311 
and 1155-1165 sequences. 
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Fin. 5.8b Sequence comparison of L14 sequence with other similar 
sequences 
The 14 bp conserved sequence from the left hand side of pogo element was 
used to search the rest of the sequence. Similar sequences were found at both 
strands. They are located near the end and in the middle of the element. 
Compared to L14 sequence, each of them has different single base change 
and/or terminal deletions. The changed bases, length of these sequences, and 
their precent of indentities with that of L 14 sequence are show in this 
diagram. 
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using DNA sequence from 2079 to 2121 of pogo element, which only contains the 12 
bp binding site from 3' end of the element. The first 43 bp sequence was used as 
positive control, which includes both 14 bp and 12 bp binding sites from the 5 end. 
Fig. 5.9 shows that the 14 BS probe and R12 probe could both bind 
specifically to pogo transposase, and their sequences are highly conserved over 12 bp. 
These further indicate that the 12 bp highly conserved sequences at both ends of the 
element are responsible for binding to the transposases, they are the transposase 
binding sites. 
5.3 Discussion 
A transposase is supposed to bind sequences specifically at both ends of the 
transposon, to form a highly organised synaptic transposition complex, in order to 
catalyse the following endonuclease cleavage and strand transfer reactions. The 
inverted repeats which are the same sequences located asymmetrically at both ends of 
the element are very likely to be the candidate for this job. The transposases of Tcl and 
Tc3 elements from C. elegans have been shown to be able to bind specifically to the 
terminal inverted repeats of the elements. The transposase recognition site of Tcl is 
located between base pair 5-26 from the ends of the element, within the 54 bp terminal 
inverted repeat (Vos, et al., 1993). Tc3 transposase binds specifically to two regions 
within the 462 bp terminal inverted repeat. One region is located at 13-38 bp from the 
end, the other is located about 180 bp from the end (Colloms, et al., 1994). However 
for transposons like the P element from D. melanogaster and Ac from Zea mays, this 
is not the case. The transposase of P element does not bind to the 31 bp terminal 
inverted repeat, instead, it binds specifically to the 10 bp consensus sequence present 
in inverted orientation, 16 bp from 5' inverted repeat and 4 bp from 3' inverted repeat 
(Kaufman et al., 1989). The transposase of Ac doesn't bind with the 11 bp terminal 
inverted repeat either. It binds specifically to the hexamer motif AAAGGG, which is 
repeated several times in direct or inverted orientation, in the 60 and 70 bp long 
segment located 100 bp inside of the 5' Ac terminus and 40 bp inside of the 3' 
terminus respectively (Kunze & Starling, 1989). For pogo elements, the 12 bp highly 
conserved sequences have been shown to be the transposase binding sites in this 
chapter. The outer 12 bp binding sites are located asymmetrically at the ends of the 
element. The first 8 bp of the sequence is within the terminal inverted repeat, while the 
rest 4 bp is out of it (Fig.5.7). The 21 bp inverted repeat sequence itself failed to bind 
with the transposase when it was tested in this chapter, because it does not contain the 
complete binding site. However, the 5 bp sequences immediately after the inverted 
repeat from both ends are identical except 1 bp. It could be the result of a point 
106 




m R12 probe L43 probe 14 BS probe 
L43 probe 
	 R12 probe 
Pogo 	L12 	L14 
sequence.  
20/9 	 2121 
R12 
14 BS (Binding site) probe: 
GATCCGAATTCGTCGACAGTTAGCTGCATCGTCTAGACTGCAGC 
GCTTAAGCAG CTGTCAATCGACGTAGCAGATCTGACGTCGAG CT 
5.9 Specific bindings of pogo transDosase to DNA fragments containing 
different binding site(s) 
14 BS and R12 probes were made to test the transposase binding activity of 
each of the 12 and 14 bp sequence in gel retardation assay. Probe 14 BS was 
made from a 43 bp sequence containing the 14 bp binding site flanked by 
polylinker DNA. Probe R12 was made by using DNA sequence from 2079 to 
2121 of pogo element, which only contains the 12 bp binding site from 3 end 
of the element. A probe made from the first 43 bp sequence was used as 
positive control, which includes both 14 bp and 12 bp binding sites from the 5' 
end. 
0, 5, and 10 t1 of N75 protein (-0.2 p.g/j.tl) was used for binding to each 
probe. 
-1 ng of probe DNA was used for each reaction. 
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mutation occurred at one stage during evolution. In this view, the original terminal 
inverted repeat could be the first 26 bp sequence, instead of the present 21 bp 
sequence. Therefore, the transposase binding site of pogo element is located within 
this 26 bp terminal inverted repeat sequence. 
The organisation of transposase binding sites differ from one transposon to 
another. P elements have one binding site at each end. Tn7 elements have four binding 
sites at the left hand side and three at the right hand side. Mu elements have three 
binding sites at each end (Polard & Chandler, 1995). For the pogo element, several 
sequences closely related to the transposase binding site Li 4 have been found near the 
ends and in the middle of the element. They can be classified into four groups 
according to their locations (Fig.5.8a). The 5' group and the 3' group include 
sequences located at both ends of the element, they are more likely to be involved in 
forming the highly organised synaptic transposition complex with the transposase. The 
5' subterminal group includes sequences located downstream of the TATA box and 
upstream of the coding region for the transposase (Tudor, et al., 1992). These 
sequences could be involved in the regulation of pogo transposition. The transposase, 
at higher concentration, could act as an repressor to bind to these sequences and block 
the transcription if these sequences have less affinity with the transposase than the 
transposase binding sites located near the ends. There is no indication as to the 
functions, if any, of the transposase binding sequences located in the middle of the 
element could be involved. 
Chapter 6 
THE DNA BINDING DOMAIN OF POGO TRANSPOSASE 
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6.1 Introduction 
It has been shown from the works described in the previous chapters that pogo 
transposase can bind specifically to sequences at the end of the element. The 12 bp 
highly conserved DNA sequences at both ends of the element have been isolated and 
shown to be responsible for the specific interaction with the transposase. The 
experiments in this chapter were designed to learn which part of the transposase is 
involved in this sequence specific recognition and binding, which amino acids in this 
region are crucial for specific binding, and how much the secondary structure of the 
transposase contributes to this specific DNA-protein interaction. 
To investigate these, two series of terminally deleted transposase derivatives, 
one with N-terminal deletions and the other with C-terminal deletions, have been tested 
for their ability to bind specifically to the transposon end sequence. Each of these 
terminally deleted transposases was obtained by PCR amplification of the 
corresponding DNA coding region, followed by cloning and protein expression in the 
same way as described previously for the whole transposase. The DNA binding 
activity of each of these proteins was analysed by gel retardation assays using the pogo 
end sequence as probe. The results show that the first 75 amino acids make up the 
DNA binding domain of the pogo transposase. Several amino acids within this DNA 
binding domain have been analysed by mutagenesis studies, in order to test the 
prediction that there is a helix-turn-helix DNA binding motif in this region 
(Pietrokovski & Henikoff, 1997). The results show that the positively charged basic 
amino acids in the recognition helix play an important role in the specific DNA-protein 
interaction with the transposon end sequences. So does the putative helix-turn-helix 
structure itself. These data therefore supports the above prediction. 
6.2 Results 
6.2.1 Isolating DNA binding domain of pogo transposase 
6.2.1.1 DNA binding activity of the C-terminal regions of pogo 
transposase 
A series of deletions was made by removing different amounts of the N-
terminal sequence of the transposase to study the DNA binding activity of the 
remaining C-terminal regions of the transposase (Fig.6. 1). C139 is the C-terminal 139 
amino acids encoded by ORF2 of the transposon. C337 is the C-terminal 337 amino 
acids that include the region corresponding to the D,D35E motif which is the catalytic 
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Fig. 6.1 Isolating DNA binding domain of pogo transposase by deletions 
Two series of terminally deleted transposase, one with N-terminal deletions 
and the other with C-terminal deletions, were tested for their ability to bind 
specifically with the transposon end sequence. The C-terminal derivities of the 
transposase, C396, C337 and C 193, have no specific DNA binding activity. 
The N-terminal derivities, N158, N138 and N75 all have specific DNA binding 
activity, but N50 does not. So the first 75 amino acids of the transposase make 
up the DNA binding domain. 
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corresponds to the rest of the CENP-B sequence excepting the N-terminal alpha 
satellite DNA binding domain (Smit & Riggs, 1996). The ability of each of these 
deleted proteins to pogo end sequence was studied by gel retardation assay. 
Fig. 6.2 show the DNA binding activities of the C139, C337 and C396. Each 
of these proteins failed to form specific DNA-protein complex with the pogo end 
sequence. This suggests that the C-terminal region of the transposase has no specific 
DNA binding activity. 
6.2.1.2 DNA binding activity of the N-terminal regions of pogo 
transposase 
A series of N-terminal regions of pogo transposase were obtained by removing 
different amount of the C-terminus. N158 is the N-terminal 158 amino acids that 
include the region corresponding to the N-terminal DNA binding domain region of Tc3 
transposase. N138 is the N-terminal 138 amino acids and corresponds to the alpha 
satellite binding domain of CENP-B protein (Smit & Riggs, 1996). N75 and N50 are 
the N-terminal 75 and 50 amino acid sequences that are further deleted from the C-
terminal of the N138 protein. The DNA binding activity of each of the bigger proteins 
was studied by gel retardation before the next deletion was made to narrow the region 
which is responsible for the specific binding with the pogo end sequence. 
Fig 6.3 shows that the N-terminal sequences of the transposase can bind 
specifically to the transposon end when they are deleted to 158, 138, and 75 amino 
acids. A further deletion to 50 amino acids abolished DNA binding. This suggests that 
the N-terminal 75 amino acids include the DNA binding domain of pogo transposase. 
6.2.2 Mutagenesis studies of the helix-turn-helix DNA binding motif in 
the DNA binding domain of pogo transposase 
Recent work by Pietrokovski & Henikoff (1997) using a multiple-sequence 
alignment computer search, predicted a helix-turn-helix (HTH) DNA-binding motif in 
members of the pogo family of transposases (Fig.6.4). This predicted HTH motif for 
pogo transposase, which is from amino acid 26 to 47, is located within the N-terminal 
75 amino acids DNA binding domain. To test this prediction experimentally, site-
directed mutagenesis has been used to change specific amino acids within and outside 
the HTH motif, in order to study their role in the specific interaction of pogo 
transposase with the transposon end sequence. 
To obtain each of the mutated proteins, pairs of primers were designed to 
change the genetic codon coding for the original amino acid to the codon for the new 
amino acid at both strands (Fig. 6.5). Firstly, two independent PCR reactions were 
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Fig. 6.2 The sequence specific DNA binding activities of the C-terminal regions 
of pogo transposase 
A series of C-terminal regions of pogo transposase were obtained by deleting 
different length of the N-terminus of the transposase. The specific DNA binding 
activities of these deleted proteins were analysed by gel retardation assay. 
probe: the first 95 bp sequence of pogo element. 
N 138: The first 138 amino acid sequence of pogo transposase (GST fusion protein), 
used as positive control. 
C337: The C-terminal 337 amino acid sequence of pogo transposase (GST fusion 
protein). 
C396: The C-terminal 396 amino acid sequence of pogo transposase (GST fusion 
protein). 
ORF2: The C-terminal 139 amino acid sequence of pogo transposase (encoded by 
ORF2)(GST fusion protein). 
5 and 15 .tl of each of the proteins (-0.2 4g/.t1) were used for each reaction. 
—1 ng of probe DNA was used for each reaction. 
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Fig. 6.3 The sequence specific DNA binding activities of the N-terminal 
regions of pogo transposase 
A series of N-terminal regions of pogo transposase were obtained by deleting 
different length of the C-terminus of the transposase.The specific DNA binding 
activities of these deleted proteins were analysed by gel retardation assay. 
probe: the first 95 bp sequence of pogo element. 
N 158: The first 158 amino acid sequence of pogo transposase (GST fusion 
protein). 
N138: The first 138 amino acid sequence of pogo transposase (GST fusion 
protein). 
N75: The first 75 amino acid sequence of pogo transposase (GST fusion 
protein). 
N50: The first 50 amino acid sequence of pogo transposase (GST fusion 
protein). 
5 and 15 t1 of each of the N158 and N138 proteins (-0.2 tg/p.1) were used for 
each reaction. 10 and 15 jtl of each of the N75 and N50 proteins (-0.2 p,g4tl 
)were used for each reaction. 
1 ng of probe DNA was used for each reaction. 
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Fig. 6.4 The Helix-turn-Helix DNA binding motifs in the proteins of pogo family 
(From Shmuel and Steven, 1997) 
The helix-turn-helix DNA binding motifs have been predicted to be present in the N-terminal of the 
transposases encoded by pogo family transposons: Tigger, Pogo, Fot 1, Pot2 and Fcc 1. It is also present 
in CENP-B protein. 




















Fig. 6.5. Change genetic codons coding for different amino acids by PCR 
A pair of primers were designed to change the coding sequence in both 
strands. Firstly, two independent PCR reactions were conducted to amplify 
the DNA sequences at the left and right hand sides of the changed amino acid. 
A second PCR was conducted by using equimolar amounts of the first two 
PCR products as template and the two outer primers to amplify the whole 
DNA sequence coding for the mutated protein. In the above example, the 
codon AGA coding for ariginine(39) of pogo transposase was changed to 
GCC for alanine. 
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conducted to amplify the DNA sequences at the left and right hand sides of the 
changed amino acid. A second PCR was conducted by using equimolar amount of the 
first two PCR products as template and the two outer primers to amplify the whole 
DNA sequence coding for the mutated protein. The final PCR product was cloned and 
the mutated protein was expressed in the same way as that for the wild type protein. 
6.2.2.1 The role of basic amino acids in the recognition helix in the 
specific DNA-protein interaction 
If there is a helix-turn-helix (HTH) structure in the DNA binding domain of 
pogo transposase, the amino acids in the corresponding region (amino acids 28-47) 
should fold as those in a general HTH structure (Fig.6.6a and b). It is the amino acids 
in the second helix (the recognition helix) of a HTH structure that are supposed to be 
involved in specific DNA-protein interactions, and positively charged amino acids in 
this helix are likely to be involved in this. To test this for pogo transposase, three basic 
amino acids, arginine(R)39 and arginine(R)43 which are located within the second 
helix, and lysine(K)48 which is one amino acid out of the second helix, were mutated 
separately to alanine(A). The specific DNA binding activities of these mutated proteins 
were analysed. 
Fig. 6.7a-c shows from DNA sequence analysis that the genetic codons AGA, 
CGC and AAA which code for R39, R43 and K48 of pogo transposase had been 
changed to the alanine codon GCC. 
Fig. 6.8 shows that the specific DNA binding activities of R39-A, R44-A and 
K48-A mutated proteins with the pogo end sequence. The R39-A and R44-A 
mutations knocked out the sequence specific DNA binding ability of the protein, while 
the K48-A mutation had much less effect. These results indicate that the positively 
charged basic amino acids located within the recognition helix do play an important 
role in the specific DNA-protein interaction. 
6.2.2.2 The role of basic amino acids outside the recognition helix in 
the specific DNA-protein interaction 
To further investigate whether positively charged amino acids anywhere else 
within the DNA binding domain, but outside the recognition helix, are involved in 
specific DNA-protein interactions between the transposase and the transposon end 
sequence, two amino acids, lysine(K)34 from the first helix, and arginine(R)63 from 
outside of the HTH motif were mutated to alanine(A). The specific DNA binding 
activities of the mutated proteins were analysed. 
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FiLy 6.6a Helix-Turn-Helix motif of DNA bindin2 proteins 
(from Branden & Tooze, 199 1) 
A helix-turn-helix DNA binding motif is normally made up of 20 amino acids 
folded into two helix. The second helix (the recognition helix), is responsible 
for the specific binding of the protein to the DNA. 
1 2 3 4 5 6 7 8 9 10 11 12 13 1415 16 1718 19 20 
HHHHHHHHt t tHHHHHHHHH 
VDKKEI CAKFKCDRSTVN RI LQ 
MGKTRVVG IrnLVThKDKKEICAKFKCDRSNRILQHEAVAASGLRKRQRKGAHDLVE 
1 	 10 	 20 	 30 	40 	50 	 60 	 70 
Fi2.6.6b DNA bindin2 domain and predicted helix-turn-helix motif 
of pogo transposase 
A helix-turn-helix DNA binding motif has been predicted to be present in 
pogo family proteins. This predicted HTH motif for pogo transposase, which 
is from amino acid 26 to 47, is located within the 75 amino acids DNA 
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Fig.6.7a Site directed mutagenesis to change arginine(39) to alanine in 
the DNA binding domain of pogo transposase 
The Arginine in position 39 of the pogo transposase DNA binding domain 
N75 was mutated to alanine by changing the codon from AGA to GCC 
WT: DNA sequence coding for wild type N75 protein 


















Fig. 6.7b Site directed mutagenesis to change arginine(44' to alanine 
in the DNA binding domain of pogo transposase 
The arginine in position 44 of the pogo transposase DNA binding domain 
N75 was mutated to alanine by changing the codon from CGC to GCC 
WT: DNA sequence coding for wild type N75 protein 










Fig. 6.7c Site directed mutagenesis to change lysine(48) to alanine in the 
DNA binding domain of P020 transposase 
The lysine in position 48 of the pogo transposase DNA binding domain 
N75 was mutated to alanine by changing the codon from AAA to GCC 
WT: DNA sequence coding for wild type N75 protein 
R48-A: DNA sequence coding for the lysine(48) to alanine mutated N75 
protein 
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Fig. 6.8 The DNA binding activities of R39-A. R44-A and K48-A mutated 
N75 proteins 
The amino acids R39 and R44, which are located within the predicted 
recognition helix, and K48 which are located just one amino acid out of the 
recognition helix, were mutated to alanine(A). The sequence specific DNA 
binding activities of these mutated proteins were analysed by gel retardation 
assay. 
Probe: 1-95 of pogo sequence. 
WT: wild type N75 DNA binding domain of pogo transposase. 
R39-A: arginine(39) to alanine mutated N75 protein. 
R44-A: arginine(44) to alanine mutated N75 protein. 
K48-A: lysine(48) to alanine mutated N75 protein. 
5 and 10 .tl of each protein (-0.2 p.g/pJ) were used for binding with the 
probe. 
-1 ng of probe DNA was used for each reaction. 
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Fig. 6.9a and b show from DNA sequencing analysis that the genetic codons 
AAG and AGA which coding for K34 and R63 of pogo transposase were changed to 
the alanine codon 0CC. 
Fig. 6.10 shows that the specific DNA binding activities of the K34-A and 
R63-A mutated proteins were unaffected by these mutations, as the mutated proteins 
could bind as well to the pogo end sequence as did the wild type N75 protein. These 
results indicate that positively charged amino acids located outside the recognition 
helix, even within the first helix, are not required for the specific interaction with the 
transposon end sequence. 
6.2.2.3 The role of the helix-turn-helix structure in the specific DNA-
protein interaction 
To investigate how much the helix-turn-helix structure itself contributes to the 
specific DNA-protein interaction of the transposase with the transposon end sequence, 
two mutations were made to change cysteine(C)32 in the first helix and valine(V)42 in 
the second helix to proline. Since proline is unable to form a hydrogen bond from its 
main-chain nitrogen, the introduction of proline into HTH motif would be expected to 
disrupt the structure of the protein. The DNA binding activities of these mutated 
proteins were analysed by gel retardation assay. 
Fig. 6.11a and b show from DNA sequencing analysis that the genetic codons 
TOT and GTC which code for C32 and V42 of pogo transposase were changed to the 
proline codon CCC. 
Fig. 6.12 shows that the specific DNA binding activities of C32P and V42P 
mutated proteins with pogo end sequence were greatly reduced compared to those of 
the wild type protein. These mutated proteins had much less affinity for the DNA 
probe and that the DNA-protein complexes moved much more slowly probably 
because of misfolding of the mutated proteins. 
6.3 Discussion 
In a transposition process, the transposase is responsible for bringing together 
the two transposon ends and the target DNA, then catalysing the endonuclease 
cleavage and strand transfer reactions. These different jobs have been shown to be 
carried out by different domains of the transposase. The N-terminal regions have been 
shown to be the DNA binding domains for almost all transposase studied so far, while 
the central regions which containing the highly conserved D,D(35)E motif are the 
catalytic domains essential for the endonuclease cleavage and strand transfer reactions. 
The C-terminal regions of some transposases have been shown to contain dimerisation 
domains that are responsible for the dimerisation of the transposase monomers. The 
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Fig. 6.9a Site directed mutaenesis to change lysine (34) to alanine 
in the DNA binding domain of pogo transposase 
The Lysine in position 34 of the pogo transposase DNA binding domain N75 
was mutated to alanine by changing the codon from AAG to GCC 
WT: DNA sequence coding for wild type N75 protein 
K34-A: DNA sequence coding for the lysine(34) to alanine mutated N75 
protein 
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Fig. 6.9b Site directed mutagenesis to chance arginine(63) to alanine 
in the DNA binding domain of po go transposase 
The arginine in position 63 of the pogo transposase DNA binding domain 
N75 was mutated to alanine by changing the codon from AGA to GCC 
WT: DNA sequence coding for wild type N75 protein 
R63-A: DNA sequence coding for the arginine(63) to alanine mutated N75 
protein 
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Fin. 6.10 The DNA binding activities of K34-A and R63-A mutated N75 
proteins 
The amino acids K34 from the first helix and R63 from outside the HTH motif 
were mutated to alanine(A). The DNA binding activities of the mutated 
proteins were analysed by gel retardation assay. 
Probe: 1-95 of pogo sequence. 
WT: wild type N75 DNA binding domain of pogo transposase. 
K34-A: lysine(34) to alanine mutated N75 protein. 
R63-A: arginine(63) to alanine mutated N75 protein. 
1, 5 and 10 t1 of each protein(-0.2 ig/j.tl) were used for binding with the 
probe. 
—1 ng of prob DNA was used for each reaction. 
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Fig 6.11a Site directed mutagenesis to change cysteine(32) to proline in 
the DNA binding domain of pogo transposase 
The cysteine in position 39 of pogo transposase DNA binding domain N75 
was mutated to proline by changing the codon from TGT to CCC 
WT: DNA sequence coding for wild type N75 protein 
C32-P: DNA sequence coding for the cysteine(32) to proline mutated N75 
protein 
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Fig. 6.11b Site directed muta2enesis to change valine(42) to protine in the 
DNA binding domain of pogo transposase 
The valine in position 42 of pogo transposase DNA binding domain N75 was 
mutated to proline by changing the codon from GTC to CCC 
WT: DNA sequence coding for wild type N75 protein 
V42-P: DNA sequence coding for the valine(42) to proline mutated N75 
protein 
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Fig. 6.12 The DNA binding activities of C32-P and V42-P mutated N75 
proteins 
The amino acids C32 in the first helix and V42 in the second helix were 
mutated to proline. The DNA binding activities of these mutated proteins 
were analysed by gel retardation assay. 
probes: 1-95 of pogo sequence. 
WT: wild type N75 DNA binding domain of pogo transposase. 
C32-P 1&2: cysteine(32) to proline mutated N75 protein. 
V42-P l&2: valine(42) to proline mutated N75 protein. 
5 and 10 p.1 of each protein (- 0.2 p.g/p.l) were used for binding with the 
probe. 
-1 ng of probe DNA was used for each reaction. 
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results reported here show that for the pogo element, the DNA binding domain is 
present in the first 75 amino acids of the transposase, and that the C-terminal region 
has no specific DNA binding activity. The central region of the transposase has an 
amino acid sequence similar to that of the D,D(35)E motif (Smit & Riggs, 1996), and 
might be responsible for catalysing the transposition reaction. There is no indication as 
to whether the transposase contains a dimerisation domain. However, there is more 
than one binding site at each end of the element. As the transposase can bind to these 
sequences specifically, it is not difficult to imagine that the easiest way for the 
transposase to bring together the two ends of the element, is to form dimers or 
multimers, in order to form the highly organised synaptic DNA-protein complex. The 
location of the dimerisation domain, and how transposase monomers interact with each 
other are still questions that remain to be investigated further. 
Several classes of double-stranded DNA binding proteins have been identified, 
including helix-turn-helix motifs, helix-loop-helix motifs, zinc fingers, leucine zippers 
and so on. The HTH is the best characterised class among of these. Computer 
searches also revealed the HTH blocks in the transposase sequences of Tcl-mariner 
family (Pietrokovski & Henikoff, 1997). This has been supported by the experimental 
evidences that these blocks are located in the DNA binding domains of Tc] and Tc3 
transposases (Colloms et al., 1994; Vos and Plasterk, 1994). For the pogo element, 
the predicted 11TH motif (Pietrokovski & Henikoff, 1997) is just located in the 75 
amino acid DNA binding domain identified by the deletion studies in the thesis. 
Mutagenesis studies show that only the positively charged amino acids located within 
the recognition helix play an important role in the specific DNA-protein interaction 
with the transposon end sequence, not the same residue located elsewhere in the 
sequence. These data therefore supported the above prediction. The HTH structure 
itself has also been shown to play a very important role in the specific DNA-protein 
interaction. When the HTH structure was disrupted by the proline substitution, the 
protein had much less affinity for the transposon end sequence. This is because the 
HTH structure provides the best position for the amino acid side chains to contact the 
bases of the DNA major groove specifically. When the structure of the protein was 
disrupted, it's much more difficult for the protein to reach the DNA properly, so their 
affinity was greatly reduced. 
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A transposase is supposed to play a major part in catalysing transposition 
reactions including endonuclease cleavage and strand transfer. After recognition and 
binding sequence-specifically to the ends of the transposon, the transposase cleaves 
the transposon ends from the donor DNA. For transposons which transpose via a cut 
and paste mechanism, such as TcI and mariner, the cleavage occurs at both ends of the 
elements, resulting in excised elements which can then insert into the target sites in the 
subsequent strand transfer reaction (Vos et al., 1996; Smith, et al., 1997). This 
endonuclease cleavage activity of a transposase can be tested by an in vitro excision 
assay. In this assay, a supercoiled plasmid DNA containing the transposon is exposed 
to the transposase in the presence of the divalent cations Mg2+  or  Mn2+.  After the 
reaction, the samples are run in an agarose gel and visualised by ethidium bromide 
staining and southern blotting. Since pogo is structurally similar to Tcl and mariner 
elements, and also is supposed to transpose via a cut and paste mechanism, the 
endonuclease activity of pogo transposase was tested in this chapter. 
7.2 Results 
7.2.1 Making the pUC-pogo construct 
Since a supercoiled plasmid containing the transposon is required as the 
substrate for the transposase in an excision assay and the available plasmid 
pogoRl 1XC only contains the pogo without the terminal inverted repeats (Tudor et 
al., 1992), a pair of primers which include the terminal inverted repeats and the TA 
dinucleotide target site sequence were designed and used to amplify the pogo element 
from pogoR 11 XC by PCR. This PCR product was cloned into a pUC 18 vector via the 
BamHI and XbaI sites to make the pUC-pogo construct. 
7.2.2 Determining the endonuclease activity of pogo transposase by the 
excision assay 
The endonuclease activity of pogo transposase was determined by incubating 
the pUC-pogo DNA and the pogo transposase together in the presence of Mn 2 as 
described in 2.2.3.5. After the reaction, the samples were run in an agarose gel and 
visualised by ethidium bromide staining and southern blotting using pogo DNA as the 
probe. 
Fig. 7.1a and b show, from the photograph of the agarose gel and the 
autoradiograph of the southern blotting, that the amount of 4.8 kb DNA which 
corresponds to the linearised pUC-pogo increases as the incubation time increases. 
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a. Ethidium brornidc 
	
b. Southern blotting 
staining 
Fig. 7.1 Determining endonuclease activity of pogo transposase by 
excision assay 
Approximately 200 ng of pUC-pogo DNA was incubated with 100 ng of pogo 
transposase in the presence of Mn 2 at 37 OC for 15, 30, 45, and 60 mm 
respectively. The samples were run in 1% agarose gel and detected by ethidium 
bromide staining and southern blotting using pogo DNA as probe. 
1. pUC-pogo DNA was incubated in the reaction buffer at 37 OC in the absence 
of the transposase for 60 mm. 
2-5. pUC-pogo DNA was incubated in the reaction buffer at 37 °C in the 
presence of pogo transposase for 15, 30, 45, and 60 min respectively. 
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However, no DNA band representing the 2.1 kb free pogo element could be seen even 
after southern blotting, indicating that no pogo elements had been excised out. 
7.3 Discussion 
To excise an element from its donor DNA, the transposase has to catalyse both 
3' and 5' end DNA cleavage reactions. The result of the excision assay of pogo 
element showed that the amount of linearised pUC-pogo increased as the reaction time 
increased. The linearisition of the plasmid could due to one of the two reasons: firstly, 
it might due to the endonuclease activity of pogo transposase which somehow only 
cut the 5 or 3' end of the element; secondly, it might due to a contaminating 
endonuclease activity which cut the plasmid at non-specific sites. The linearised 
plasmid could be further analysed by digesting it with two enzymes which cut at 
different ends of the element in independent reactions. If the first is true, free elements 
should be released by either one or both of these digestions, and the end which was 
cut by the transposase could therefore be determined. If the second is true, a smear 
representing DNA of different sizes should be seen. The 4.8 kb linearised pUC-pogo 
plasmid was digested with BamHI and XbaI, which are the cloning sites of the pogo, 
respectively, then analysed by southern blotting, but no free elements could be seen in 
either reaction (data not shown). So it is more likely that pUC-pogo was linearised by 
a contaminating nonspecific endonuclease activity. 
A highly organised synaptic complex including the two transposon ends and 
the transposase is supposed to be required for the transposase to catalyse the 
transposition reaction, the flanking DNA of the transposon might also contribute to the 
assembly of the complex. Since the pUC-pogo construct only has the TA dinucleotide 
in addition to the pogo element, another construct was made by PCR ampliflying the 
pogo element together with the 25 bp flanking DNA from pogo AR11 (Tudor, et al., 
1992) and cloning the PCR product into a pGEM vector. This construct was also used 
as substrate to test the endonuclease activity of pogo transposase in the excision assay, 
but no excised transposon was detected (data not shown). This result suggests that 
either more flanking DNA is required for the proper assembly of the synaptic complex 
to enable pogo transposase to catalyse the DNA cleavage reaction, or the transposase 





8.1 General discussion 
8.1.1 pogo transposition 
Transposable element pogo from Drosophila melanogaster is structurally 
similar to the other DNA mediated elements such as P, hobo, Tcl, Tc3, and Mariner 
elements in having short terminal inverted repeats, creating target site duplication upon 
insertion, and having open reading frames coding for the transposase. So pogo is 
considered to be a member of the same class as the above elements, and to transpose 
from DNA to DNA probably also via a cut and paste mechanism (Tudor, et al., 
1992). 
A transposase plays a key role in the transposition process by catalysing the 
transposition reactions. eDNA analysis had shown that the two open reading frames of 
pogo code for a single polypeptide which could be the putative transposase (Tudor, et 
al., 1992). However no more information about this transposase was available before 
the start of this thesis. The experiments in this thesis were designed firstly to obtain 
pogo transposase by cloning the ORFs into a pGEX vector, and express the 
transposase as a GST fusion protein in E.coli. Since sequence specific DNA binding 
activity is a character of all transposases studied so far, so the specific DNA binding 
activity of the expressed pogo transposase was tested by gel retardation assays in the 
presence of specific and non-specific competitors. pogo transposase was shown to be 
able to bind specifically with the transposon end sequences. Then, the transposase 
binding site of the element and the DNA binding domain of the transposase, both are 
directly involved in the specific DNA-protein interaction, were identified. The 
transposase binding sites tested were shown to be a 12 bp consensus sequence, there 
are also several copies of the 12 bp consensus sequence located near the ends, in the 5' 
subterminal region, and in the middle of the element. The DNA binding domain was 
shown to be located in the N-terminal 75 amino acid region of the transposase. These 
data provide useful information for further studies of pogo transposition, such as how 
the active DNA-protein complex is assembled as an initial step of transposition; 
whether pogo transposase is the only protein required for catalysing the transposition 
reaction; how pogo transposition is regulated; and so on. These data can also be used 
to compare with the corresponding data from other elements, as this will help us to 
have a better understanding of the general transposition mechanism. 
8.1.1.1 Transposase binding sites and DNA binding domain 
The transposase binding site of the transposon and the DNA binding domain of 
the transposase are directly involved in the DNA-protein complex. So their sequences 
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and/or structures will have important effects on the specific DNA-protein interaction of 
the transposase with the transposon end sequences. 
The transposase binding sites of the pogo element have been shown to be a 12 
bp consensus sequence by testing the transposase binding ability of deleted end 
sequences of the element. Computer search show that there are several copies of the 12 
bp sequence at different places of the element, and they can be divided into four 
groups according to their locations: the 5' group, the 5' subterminal group, the middle 
position group, and the 3' group. The 5' group and the 3' group, each contains three 
copies of the 12 bp consensus sequence, are located in a region of 14-56 bp from the 
5' end and in a region of 14-74 bp from the 3' end respectively. These six binding 
sites are very likely to be involved in the synaptic DNA-protein complex in the 
presence of the transposase (see later). The 5' subterminal group, which contains two 
copies of the 12 bp consensus sequence, is located down stream of the TATA box and 
upstream of the coding region for the transposase (Tudor, 1992), and might be 
involved in the regulation of pogo transposition (see later). The function of the 
transposase binding sites located in the middle of the transposon is difficult to predict. 
The specific DNA binding domain of pogo transposase has been shown to be 
located within the first 75 amino acid region of the transposase by deletion studies in 
this thesis. A helix-turn-helix DNA binding motif has recently been predicted to be 
located just within the DNA binding domain in between amino acid 26 and 47 
(Pietrokovaski & Henikoff, 1997). The N-terminal 50 amino acid region of pogo 
transposase which includes the entire HTH sequence and three extra amino acids at its 
C-terminus was also tested for its DNA binding activity, but failed to bind specifically 
to the transposon end sequence. This might be because the three extra amino acids at 
the C-terminus of the HTH sequence are not sufficient to keep the HTH motif folded 
properly, it is possible that more than the HTH is required for the binding. The HTH 
DNA binding motif has also been predicted to be presence in the DNA binding domain 
of 1S30, Tcl and Tc3 transposases (Pietrokovski, 1996; Stalder et al., 1990; 
Pietrikovski & Henikoff, 1997), however no direct evidence has ever shown that the 
HTH motif is the motif responsible for the specific DNA binding ability of the DNA 
binding domain. In this thesis, mutagenesis studies show that when a single basic 
amino acid in the recognition helix was substituted, the DNA binding domain lost its 
DNA binding activity; and the same result was obtained when a single amino acid 
within the HTH was substituted by proline which should disrupt the HTH structure. 
These data clearly indicate that the HTH motif within the DNA binding domain is 
responsible for the specific DNA binding activity of the transposase. 
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8.1.1.2 Specific DNA-protein interaction of pogo transposase with 
pogo end sequences 
Sequence specific DNA binding activity has been shown to be an essential 
character of all transposases studied so far. The high affinity of the transposase for the 
transposon end sequences enables the transposase to recognise and interact specifically 
with the two transposon ends when the transposon is still embedded in the genomic 
DNA. pogo transposase has been shown to be able to bind to the transposon end 
sequence in the presence of lOOx molar excess of nonspecific competitor, indicating it 
has a much higher affinity for the element end sequence than for other DNA 
sequences, so the binding is sequence specific. 
8.1.1.3 The architecture of pogo DNA-protein complex 
As an initial step of transposition, a transposase has to recognise and bind 
specifically to the ends of its transposon to form a synaptic DNA-protein complex 
(Haniford, et al., 1991; Haniford & Kleckner, 1994; Sakai et al., 1995; Mizuuchi, et 
al., 1992; Bainton et al., 1991, 1993; Sarnovsky, et al., 1996). This complex is 
supposed to be essential for catalysing the transposition reaction, since only in this 
complex can the transposase become activated. The composition and architecture of the 
complex are different from element to element, as is shown by TnlO, Mu and Tn7 
DNA-protein complex (Balland & Nancy, 1996; Mizuuchi, et al., 1992; Rogers et al., 
1986; Waddell & Craig, 1988; Kubo & Craig, 1990). This depends on the number of 
transposase binding sites and the number of transposase monomers involved. Some 
host protein, such as IHF protein that forms part of the Mu and TnlO complexes, 
and/or some DNA sequences from the element, such as the lAS sequences that are part 
of the Mu complex, might also be involved (Signon & Kleckner, 1995; Mizuuchi, et 
al., 1992; Mizuuchi & Mizuuchi, 1989;, Leung et al., 1989; Surette et al., 1989). 
For pogo, each of the 5' end and the 3' end transposase binding site groups 
contains three transposase binding sites located near the end of the element. The 
organisation of these six transposase binding sites makes it very like that of phage Mu. 
At the ends of Mu, there are also six transposase binding sites, three at each end, 
named Li, L2, L3 on the left and RI, R2, R3 on the right from the end. Mu 
transposase monomers can bind specifically with each of these binding sites, while in 
the synaptic DNA-protein complex, the transposase forms a tetramer which only stably 
binds to the three endmost sites, Li, Ri and R2. Two monomers of the tetramer 
catalyse the DNA cleavage reaction, while the other two catalyse the strand transfer 
reaction (Allison & Chaconas, 1992; Mizuuchi et al., 1992). For pogo, it is also 
possible for the transposase to bind to all the six binding sites at one stage in 
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transposition, and bind to only some of them at another stage. The interactions 
between transposase monomers might also be changeable. However, more 
information about the protein-protein interaction of pogo monomers and the relative 
affinity of each transposase binding site for the transposase have to be learned before 
we can have a better understanding of the architecture of the pogo DNA-protein 
complex. 
8.1.1.4 The activity of pogo transposase 
The activity of a transposase can be determined by its ability to catalyse 
transposition reactions including DNA cleavage and strand transfer. For DNA 
mediated elements which transpose via a cut and paste mechanism, the DNA cleavage 
activity can be tested by an in vitro excision assay. In this assay, a supercoiled plasmid 
DNA containing the transposon is exposed to the transposase in the presence of the 
divalent ion Mg2+  or  Mn2+.  Since the transposase is supposed to catalyse both 5' and 
3' cleavage of the element, the transposon should be excised during the reaction. The 
DNA cleavage activity of the transposase can therefore be determined by detecting the 
excised transposon. Tcl transposase has been shown to be able to be excise TcJ 
elements out in this way (Vos & Plasterk, 1994). Since pogo is structurally similar to 
Tcl and other DNA mediated elements, it is likely to transpose via a cut and paste 
mechanism. The DNA cleavage activity of pogo transposase was tested in chapter 7 
using the same method as Tcl, but no pogo transposon was excised out. The 
supercoiled plasmid was linearised, and the amount of the linearised DNA increased as 
the reaction time increased. This result indicates that pogo transposase failed to 
catalyse the 5' end, or 3' end, or both ends DNA cleavage reactions in this case. It's 
probably due to one of the following reasons: 
1. The transposase might not be active, and the linearisation of the plasmid is 
due to the activity of a contaminating DNase activity. The inactivation of the 
transposase is probably due to one or more of the following reasons: 
An imperfect DDE motif. Since there is no proper candidate for the last E in 
the DDE motif of pogo transposase, the transposase could have no proper active site to 
catalyse the 5' cleavage or 3' cleavage or both reactions, so no completely excised 
transposon could be seen. 
pogo transposase might not be the only protein required for pogo 
transposition. The transposases of Tcl and mariner have been shown to be able to 
catalyse transposition reactions in the absence of other proteins (Vos et al., 1996; 
Dawson, et al., unpublished data). This may explain why they can transpose in such a 
wide range of hosts. In contrast, pogo has been found only restricted to Drosophila 
melanogaster, indicating it might have very strict requirements for the host, possibly 
because the transposase is only active in the presence of some host proteins. This is 
very like the case of P elements. P elements can only transpose in D. melanogasrer and 
a few closely related species, and it has been shown the specific interaction of the 
Drosophila protein IRBP (inverted repeat binding protein) with the specific sequence 
of the IR of the element is involved in P element transposition (Rio & Rubin, 1988). 
In E.coli transposition, TWO requires the host protein IHF while phage Mu requires 
IHF and HU proteins. pogo may also need host proteins and/or other factors to 
cooperate with the transposase to catalyse the transposition reaction. 
c). The plasmid pUC18 into which the pogo was cloned in chapter 7, might 
have no proper flanking DNA to enable the two transposon ends and the transposase 
to assemble to a active synaptic complex, this would prevent the initiation of the 
transposition reactions. 
Since there is no direct evidence yet to show that pogo is transposed via a 
cut and paste way, the other very unlikely possibility is that pogo could be like phage 
Mu and transpose via a replicative mechanism. In this case, DNA cleavage would only 
occur at one end of the transposon, so no completely excised element would be 
visualised. 
It could just due to some technical problems which result in the failure in 
detecting the activity of the transposase. 
However, excision assay is only one of the ways to detect the activity of the 
transposase. Other methods, such as phosphate transfer assay, in vitro transposition, 
and in vivo transformation assay (see later) will definitely provide more information 
about the activity of pogo transposase. 
8.1.1.5 The regulation of pogo transposition 
The results presented in this thesis concerning the transposase binding sites 
and the DNA binding domain of pogo transposase together with knowledge of the 
regulatory mechanism of similar elements such as the P element suggest ways in 
which pogo transposition might be regulated: 
a) Transposition could be regulated by the specific interaction of transposase 
with the 5' subterminal transposase binding sites. The transposase binding sites of the 
5' subterminal group (position 107-119, 193-202) are located in the region 
downstream of the TTAA box (position 4) and upstream of the start of the transposase 
coding region (position 340) (Tudor, et al. 1992). This region might act as the 
promoter. If the transposase has a lower affinity for the 5 subterminal group 
transposase binding sites than for the 5' and 3' end group binding sites, transposition 
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might be regulated by the concentration of the transposase. When the concentration of 
transposase is low, the transposase only binds to the 5' and 3' end group binding 
sites, to form the active synaptic DNA-protein complex, so transposition is initiated. 
When the concentration of transposase get higher, transposase binds to the 5' 
subterminal binding sites in addition to the 5' and 3' end binding sites. The binding of 
transposase to the 5' subterminal binding site blocks the transcription, so no more 
transposase can be synthesised, the concentration of transposase will therefore 
decrease. In this way, transposase concentration and hence transposition might be 
negatively regulated by the concentration of the transposase itself. 
b) The transposition could be regulated by a repressor protein resulting from 
alternative splicing of the intron in between the two ORFs. For P element, tissue-
specific splicing results in the production of the 66 kd repressor protein in somatic 
cells which inhibits transposition. For pogo, if the splicing of the intron in between 
ORFI and ORF2 were inhibited, the protein encoded by ORF1 might be made as well 
as transposase. This might act as a repressor to regulate pogo transposition. This 
ORF1 protein would still have DNA binding ability since it contains the DNA binding 
domain, but might have no proper catalytic activity and/or dimerisation ability since 
the C-terminal region of the transposase encoded by ORF2 is missing. This ORF1 
protein can therefore compete with the transposase for the DNA binding sites at the 
ends of the element, but can't catalyse the transposition reactions properly. If 
transposase monomers have to form multimers to catalyse transposition reactions, then 
ORF1 protein might form inactive oligomers if it contains the dimerisation domain, or 
fail to assemble into oligomers if it has no dimerisation domain, therefore block the 
multimerisation. 
8.1.2 CENP-B, transposase, and DNA-protein complex 
CENP-B, human centromere protein B, is a 80 kd protein which binds 
specifically to the 17 bp CENP-B box in centromeric a-satellite DNA (Masumoto, et 
al., 1989; Muro, et al., 1992). Its amino acid sequence has 51% similarity and 26 % 
identity with the that of putative pogo transposase over almost the entire length of both 
proteins. The DNA binding domain of CENP-B is located in the N-terminal 125 amino 
acid region (Yoda, et al., 1992), and the dimerisation domain is located in the C-
terminal 59 amino acid region (Kitagawa, et al., 1995). Two CENP-B monomers 
form a homodimer by their C-terminal dimerisation domains, while each binds to the 
a-satellite DNA by its N-terminal DNA binding domain. In this way CENP-B might 
play an important role in the assembly of specific centromere structures by forming the 
DNA-protein complexes at the sites of CENP-B boxes. This function of CENP-B 
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makes it very much like a transposase. As an initial step of transposition, transposase 
monomers also bind specifically to the transposase binding site at each end of the 
transposon to assemble to a synaptic DNA-protein complex. Moreover, the DNA-
protein complex assembled by CENP-B and the synaptic DNA-protein complex 
assembled by transposase are also very similar, both contains two double stranded 
DNA and two (or more for transposase) protein monomers. This functional similarity 
can be explained by their sequence similarity which suggests that CENP-B and 
transposase could be closely related. CENP-B displays extremely high sequence 
similarity with pogo family transposases. These transposases not only include pogo 
transposase, but also includes those of Tigger, the transposon fossil in human 
genome. Both CENP-B and the Tigger transposases are encoded by single exons 
(Sullivan & Glass, 1991), so the gene coding CENP-B might be even more related to 
Tigger. And CENP-B gene, Tiggers and pogo might have a common evolutionary 
origin. 
8.2 Future work 
In this thesis, the pogo putative transposase has been expressed in E. coli, the 
specific DNA binding activity of this transposase has been confirmed, and the DNA 
binding domain and the transposase binding sites have been isolated. These data make 
it possible to conduct future studies towards a better understanding of the mechanism 
of pogo transposition. 
Four groups of DNA binding sites located at different positions of the element 
have been isolated. They all have sequences similar to the 12 bp consensus 
transposase binding site, but the relative affinity of each of the binding site for the 
transposes is still unknown. These data can been obtained by using same molar 
amounts of DNA containing different binding sites as probes, and determining the 
amount of transposase needed when half amount of each probe is bound. If the 5' 
group and 3' group binding sites have higher affinity than the other two groups, it 
indicates that the transposase must first bind to the two transposon end to form the 
synaptic DNA-protein complex; If the transposase binds to sites within each of the end 
group with different affinities, this might indicate that transposase has to bind to 
certain sites to form the active DNA-complex; If the binding sites in the 5' subterminal 
group is bound with lower affinity than those in the two end groups, this will support 
the hypothesis that these sites could be involved in regulating transposition as 
described in 7.1.1.5. The relative affinity of transposase for binding sites located in 
the middle of the transposon will indicate at which stage these binding sites are 
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As an initial step of transposition, transposase has to bind to the end of the 
transposon to form the synaptic DNA-protein complex. When the transposon has one 
transposase binding site at each end, one transposase monomer binds to each end of 
the transposon, so there must be two transposase monomers in each synaptic DNA-
protein complex. When the transposon has more than one transposase binding site at 
the end, more transposase monomers are probably involved in the complex. The 
transposase monomers must interact with each other somehow within the complex, 
and the most likely way is to form a dimer or multimer, as has been shown in the case 
of Mu. Two monomers can be linked with each other by dimerisation. For pogo, there 
are three transposase binding sites at each end of the element, this suggests that there 
are probably more than two transposase monomers in the DNA-protein complex, the 
transposase monomers might form an oligomer. In view of this, the ability of 
transposase monomers to interact with each other should be tested by crosslinking, 
and the dimerisation domain of the transposase may therefore be identified. It would 
also be of interset to test how many monomers are involved in each synaptic DNA-
protein complex by determining the number of different DNA-transposase complexes 
formed with increasing amount of the transposase. These data will increase our 
understanding about how pogo transposase interacts with the transposon end 
sequences, and how the active synaptic DNA-protein complex is assembled. 
The DNA binding domain of pogo transposase has been shown to be located in 
the N-terminal 75 amino acid region, a helix-turn-helix motif is also predicted to be 
present in this region, and its presence is supported by mutagenesis studies described 
in this thesis. So it is interesting to get a more direct view of the whole structure of the 
DNA binding motif by structural analysis. The small size of the 75 amino acid DNA 
binding domain makes it possible to be analysed by nuclear-magnetic-resonance 
(NMR) analysis. Also since single amino acid substitutions of the positively charged 
amino acids in the recognition helix abolished the DNA binding ability of the protein; 
and the introduction of proline in the HTH motif also greatly decreased the DNA 
binding ability, it would be worthwhile investigating the effect of these changes on the 
structrure of the DNA binding domain. 
It is still very important to study the activity of pogo transposase in vitro and in 
vivo. In addition to the excision assay described in chapter 7, the in vitro activity assay 
can be conducted in several other ways: a) Phosphoryl transfer assay. This assay is 
designed to test the ability of transposase to catalyse a strand transfer reaction. In this 
test, the 3' hydroxyl of a 5'-labelled oligonucleotide attacks a phosphate within another 
oligonucleotide. If the strand transfer reaction occurs, the labelled oligonucleotide will 
be transfer to the unlabelled one (Vos & Plasterk, 1994). The phosphoryl transfer 
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ability of pogo transposase could be tested in this way. b) in vitro genetic transposition 
assay. In this assay, a donor plasrnid contains the transposon carrying an antibiotic 
resistance gene, and a target plasmid carrying another antibiotic resistant gene are 
electroporated into the same E.coli cell, and the transposition event can obtained by 
selecting cells which are double resistant to the antibiotics (Vos, et al., 1996). 
The activity of pogo transposase could also be tested in vivo by microinjection 
of pogo transposase and a plasmid containing a pogo transposon into an embryo of a 
Drosophila species containing no pogo elements. The transposase activity could be 
determined if the pogo is mobilised in this genome. The ability of pogo transposase to 
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